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ABSTRACT 
Phenol-formaldehyde resins (P/F ratio 1/1.75) were 
synthesized using paraform and 97% phenol as reactants 
under the influence of a basic cataylst. (0.5 mole 
catalyst/mole phenol). Three catalysts i) sodium 
hydroxide ii) barium hydroxide iii) triethylamine were 
used to monitor the effect that the chemical nature of the·' 
catalyst had on the course of the reaction. 
For each catalyst studied, resins were prepared using 
a two bath system ie. the reactants were heated in a 
water-bath set at 45°C for four hours and then transferred 
to a second water-bath set at 80°C. Samples taken at 
15 minute intervals after the transfer were analysed using 
,,,. ::r" 
a combination of analytical techniques in order to isolate 
and identify the single and double ring compound~ formed 
in the syntheses. 
To this end, an analytical gel~ permeation chromato~ 
graph' (g. p. c.) was assembled from components of' various 
manufacturers to give an instrument tailor-made to the 
study of low-molecular weight condensates « 3,000 mol.wt.). 
The columns were packed with Bio-beads S-X2 (s,tyrene-
divinylbenzene Co-polymei}.a'i}d·the eluting solvent used was 
. . ,'.. . -
J " • .,' ; "_.. ~ • 
tetrahydrofuran: (T';H;:F'::) ........ A ·preparative g.p.c. column was 
""" '<' •• :: ."? 
also constructed' uSin'g ·th~'.;~~e gel/solvent combination in 
;"- .. . ~ - . . 
order to separate. enc;mgh_.of. each·' compound isolated for 
further analysis. 
The isolated single ring compounds were identified 
using infra-red (i.r.) nuclear magnetic resonance 
spectroscopy (n.m.r.) and mass spectrometry. Their 
quantitative determination was carried out using a 
combination of thin layer chromatography (t.l.c.) and 
ul tra-violet analysis (U.II).Identification of the double 
ring compounds was carried out in a similar way and, though 
it was not possible to quantitatively determine each 
individual component, the over-all value was calculated 
using U.v. analysis; From these results it was possible 
to identify the preferred reaction pathways for each 
catalysed resin synthesis and to speculate on the mechanism 
of the catalysis. 
Finally, investigations were carried out into the 
relationship between mOlecular weight and viscosity using 
the samples taken during the resin synthesis. The viscosity 
measurements were compared with the chemical nature and 
quantity of the compounds in the various resins and a 
qualitative explanation for differences in viscous behaviour 
given in terms of differences in structure of the chemical 
species formed during the synthesis. 
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CHAPTER I 
"'. :,,;;"" 
1.1 Historical Background. 
The formation of resIDous products by the reaction 
of phenols and aldehydes has been knmvn for a long time 
and was studied by Baeyer l in 1872. The first commercial 
production of phenol-forw~ldehyde resins was carried out 
in 1910 following the start of the industrial production 
of formaldehyde in the 1890's. Since then there has been 
a steady growth in the industry and at the present time 
phenolic resins represent a significant fraction of the 
polymer market. 
The phenol-formaldehyde condensation reaction was 
studied by Kleeberg,2 Tollens 3 and Abel,4 but their 
products were mostly insoluble and infusible resins. 
LedererS and Manasse 6 both showed that 2- and 4- hydroxybenzyl 
• ""::-.;r"'= 
alcohols (phenol alcohols) could be obtained by reactions 
in alkaline medium. Under the influence of strong alkalis, 
phenol behaves as a weak acid forming phenoxide 
e. g. 
+ NaOH + (1) 
The hydroxyl group activates the benzene ring to electro-
philic attack by repulsion of electrons and results in 
ortho/para substitution. 
JG) c1~ .tG) 
O-H O-H O-H IT~H i-H. 
11 o~e6(21 .", ~ OJe ~ I ~ ~ I 4 >" 
./ , # 
&:8 
-.1-
In this way the oxygen atom acquires a positive charge, and 
c 
so attracts the eletron pair of the -OH bond. 
" 
This 
facilitates the release of a proton. Earlier, Piria7 
had observed the conversion of these phenol alcohols into 
resins by the action of acids and ~10itessier8 pointed out 
the formation of a resin by the dehydration of 2-hydro-
xybenzyl alcohol (saligenin), one molecule of water being 
removed per molecule of saligenin. The conversion of a 
phenol-alcohol to an infusible and insoluble resin by the 
action of heat and ammonia was demonstrated in the 1890's by 
Paal and senninger9 who heated saligenin with ammonia to 
Finally, as an example of the formation of 
resinous materials by the interaction of other aldehydes 
with phenol, Claus and Trainer10 prepared resins from 
phenol and acetaldehyde in the presence of hydrogen chloride. 
The major contribution to the basic principles on 
which the resin industry has developed was made by L.H. 
Bae'kelandll who began work on these synthetic resins in 
1902. . Over the next few years he provided the real solution 
to the problem of preparing, under controlled conditions, 
quick-curing mouldings which did not blister or crack. 
He showed that acids and bases were chiefly catalytic in 
act·ion and could be used in very small proportions, whereas 
equimolar or even larger amounts had been used previously. 
With small proportions of acid catalysts and a low molar 
ratio of formaldehyde to phenol, permanently fusible resins 
were obtained which were soluble in common solvents such as 
alcohol and acetone. Resins of this class he designated 
'novolaks' since they could be used as shellac substitutes 
-2-
in spirit varnishes. 
H 
CH'O:~CH~X)(Hz I I· 
# OH HO # 
CH, 
(3) 
S . 12 imilar work was also carried out by Pollak with small 
amounts of acid catalysts. 
On the other hand, the resinous compounds obtained with 
a basic catalyst, e.g. ammonia, which were studied in 
greater detail by Baekeland, were different in charact~r 
and could be obtained in three distinct stages by proper 
control of the reaction . The!fe were called A, Band C 
stages. . In stage A, the resin may be solid, liquid or 
semi",liquid and is soluble in alcohols, ketones and in 
some ethers; esters and chlorinated hydrocarbons. On 
heating, the resin passes to stage B which is solid, does 
not melt but· becomes rubbery when hot and is insoluble in 
common solvents. On further heating, the resin in stage 
B is converted to the final stage C, which is infusible 
and insoluble in organic solvents. 
The recognition of the progressive nature of this 
reaction enabled Baekeland to prepare resins in the A stage, 
melt them and pour them into moulds where further heating 
caused the conversion to the B and finally to C stages. 
By applying external pressure during this conversion it was 
possible to carry out moulding at higher temperatures than 
-3-
-. 
were previously used (e.g. lS0-160·C) and thus reduce the 
moulding time from hours to minutes. Subsequently, fillers 
such as wood flour, cotton or asbestos were' incorporated 
into the resins in order to over-come the problem of 
,brittleness and poor strength. 
A contemporary of Baekeland in the investigation of 
phenolic resins was Lebach. 13- 16 He was the first to 
show that soluble resins could be rendered insoluble by 
the action of -fresh quantities of the catalyst hexamethylene-
tetramine (hexamine) in the presence of excess formaldehyde 13 
, 
(The two stage process for making moulding powders and 
infusible resins with hexamine were first described and 
17 patented by Aylsworth ). L,ebach also showed that alkali-
condensed phenol-formaldehyde products could be hardened 
-",";' -. 14 
by heat much more rapidly if they were first made acid 
and introduced the term • resoles' as nomenclature for the 
heat sensitive liquid or fusible basic condensation products. 
e.g. OH OH 
OH 
CHIl.0H 
Among the most noteworthy landmarks in the further 
development of phenolic resins ",ere the first modification 
of simple resins with rosin to make them soluble in drying 
oils (ca 1910 ),18,19 the first introduction of synthetic 
(4 ) 
substituted phenols for making oil-soluble resins (about 
1930),20-23 'and the discovery of the ion-exchange properties 
-4-
of resins (1935) .24,25 Since the thirties, steady and 
continuous progress has resulted in rapid industrial 
development and increasing extensive commercial applications 
of phenolic resins. 
1.2 The Chemistry Of Phenolic Resins. 
Over the years since the words resole and novolak were 
introduced there has been some ambiguity in the interpretation 
of these terms. The following definitions were published?6 
in an attempt to clarify the situation. 
Resole : Synthetic resin produced from a phenol and 
an aldehyde, the molecules containing reactive 
methylol (or substituted methylol) groups, heating 
causes these reactive resole molecules to condense 
<""'- '~:... ~,. 
together to form larger molecules. This result is 
achieved without the addition of a substance containing 
reactive methylene (or substituted methylene) groups. 
Novolak A soluble fusible synthetic resin produced 
from a phenol and an aldehyde, having no reactive 
methylol (or substituted methyloi) groups in the 
molecule and therefore incapable of condensing with 
other novolak molecules on heating without the addition 
of hardening agents. 
In practice novolaks are normally prepared with a 
slight molar excess of phenol using an acid catalyst. 
Resoles are formed by the reaction of one or more moles 
of formaldehyde with one mole of phenol under base-catalysed 
-5-
condi tions. Under either set of conditions the form-
aldehyde addition and the condensation reactions normally 
take place in the positions ortho and para to the phenolic 
hydroxyl groups.27 
e. g. 
OH 
+ 
I 
Phenol 
e 0; A 
.. HC=O 
e 
OH 
~ ~ 
.. N- slow 
.... 
# 
slow 
> 
# 
IV /lI 
f\C=O 
... ..,. 't-~;· 
tft CfH I # CH~-O 
ortho directing 
to 
0 
/\ 
H CH.e-Oe 
para directing 
-6-
+ HOH (5) 
e 
Cf\OH 
~ (6) fas~ I 
# 
( I 
2-Hydroxybenzyl 
alcohol. 
e 0 (7) 
CHzOH 
"' 4-Hydroxybenzyl 
alcohol. 
The difference between acid-catalysed and base-catalysed 
processes using formaldehyde is the relative rates of 
the addition and condensation reactions. Under acid 
conditions, the first intermediate products are 11 and 
Ill. 
+HCHO 
I )-
slow 
OH 
6 CHtOH I + I # 
11 
OH 
CH,PH 
III 
VII 
_P_h_OH---l~~· ~C H2 I 
fast HOV·" ~ 
(8) 
VIII 
. . C~ , 
(Y '0"-'::::: I X H~ ~OH 
This addition is relatively slow. The phenol alcohols 
can react·further with more formaldehyde to form 2,6 (IV) 
and 2,4 (V) dihydroxybenzyl alcohols and 2,4,6 trihydroxy-
benzyl alcohol (VI) . 
~I~ 
t T 
(9 ) 
CH~OH V 
VI 
However, none of these polyalcohols is likely to 
be formed to any appreciable extent as the phenol 
monoalcohols (11 and Ill) are very rapidly consumed 
by condensation with more phenol, eliminating water 
and forming compounds of the dihydroxydiphenyl methane 
type (D.P.M.) e.g. VII, VIII, IX (equ.8). 
The novolak resin molecule is built up from the 
DPMs by further addition of formaldehyde, followed 
immediately by condensation of the alcohol group thus 
formed with another phenol molecule giving linear 
compounds of the general type H[C6H3(OH)'CH2liC6H4'OH 
e.g. 
(10) 
Under basic conditions the initial addition reaction 
is faster than the subsequent condensation reaction and 
so the phenol alcohols are the predominant intermediate 
compounds'.' The formation of polynuclear compounds can 
occur through a variety of pathways, some of which are 
preferred to others depending on synthesis conditions. 
Self-condensation of the phenol monoalcohols can lead to 
diphenylmethane-type methylene bridges and dibenzyl ether~ 
type bridges 
e. g. 
-8-
OH 
OCH<-O-CH./. 
Self-condensation can also. lead to the formation of 
methylol DPMs 
e.g. 
/ 
II + I I 
IU+ III 
>-
H· 
CH~n 
U 
CH,.OH 
XII 
These can·also be formed by reaction of formaldehyde on 
the DPMs.· 
e. g. 
Xl 
OH 
JyC~0 V ~ OH > XII· 
XIII 
-9-
( 11) 
(12) 
OH 
(13 ) 
(14) 
XV CH.t0H 
Heating or acidification of these resins causes cross-
linking to take place through uncondensed phenol-alcohol 
groups and through reaction of formaldehyde liberated 
by the break-down of the ether links. 
e.g. 
CH!/.OH 
Although the chemical nature of formaldehyde itself 
has been.studied in depth under controlled conditions, 
little work has been done to describe the effects of specific 
reaction media on the equi1ibria which provide the reactive 
form and on the rate at which they are established. In 
aqueous media, formaldehyde itself is present in very small 
amounts «0.1%). Solutions are composed of monomeric 
hydrate, presumably as methylene glycol (HOCH 20H) and low 
molecular weight polymeric hydrate HO(CH20)nH in equilibrium 
(16) 
HOCH~.OH 
K -1 
-10-
+ nH.t,O 
HOCH .. OH + 
Formaldehyde is present in such small concentrations that 
it has been concluded to be a less influential form than 
the hydrate, yet mechanisms can be rationalised using 
either species. The kinetics of the reactions are less 
well defined since formaldehyde equilibria have not been 
adequately quantified. Indeed some reaction mechanisms 
involving active hydrogens are difficult to explain when 
using the concepts of methylene glycol but most can be 
"j;;. .-<-
explained using formaldehyde. If the latter is the 
important. species in aqueous systems, much more refined 
analytical .techniques are needed to avoid reliance on 
the hydrated form in studies of reactions. 
In aqueous solution, methylene glycol dissociates. 
as a weak- acid 
e H 
Aqueous solutions of formaldehyde have a pH range of 
2·5 7 3·5 which is attributed to the presence of formic 
acid since the dissociation constant for methylene glycol 
is too small to give this pH. The second dissociation 
constant for methylene glycol is yet to be determined. 
-11-
(17) 
(18) 
(19) 
@ 
H 
The presence of formic acid is attributed to the 
Canizzaro reaction and to oxidation of formaldehyde 
during its manufacture. 
2 CH ... ° + Hi/.0 ----)~~ HCOOH 
Methylene glycol and formaldehyde are in equilibrium with 
hemi - formals . 
(20) 
(21 ) 
(22) 
HO(CHzO)nH + CH3 0H ... >. HO(CH ... O)n-CH3 + Hi/.0 (23) 
but, although ample evidence-e*ists to suggest the presence 
of hemi-formals under conditions typical for reactions of 
formaldehyde with active hydrogens, little has been done 
to determine their equilibrium in such solutions_ This 
is unfortctnate since alcohols are used in many commercial 
condensati6~ rea~ions and their effect on reaction kinetics 
~ 
must be significant. The phenol alcohols may participate 
in complex equilibria with hemi-formals and polyformals 
e. g. 
.+ 
-12-
CH;!OCI10H 
(24 ) 
(CHzO)CH,.OH 
x 
(CHzO)x+,CH,.OH 
(25) 
x = 1, 2, 3" 
1.3 Resole Resin Analysis. 
The problem of analysing the pre-polymers in resole 
systems has been formidable because of the fact that a 
multitude of mono- and polynuclear hydroxymethyldated phenols 
can be formed in the resins. A number of analytical 
procedures have been applied to determining these structures 
but only a small percentage of the methods provides a 
quantitative, or even qualitative, determination of one 
or more of the individual compounds present. 
Initial kinetic studies of the phenol-formaldehyde 
reaction often involved the determination of un-reacted 
.... ', ,;;.:::' "0 
formaldehyde,28 or phenol,29,30,31 or an indirect method 
such as the monitoring of the appearance of turbidity, as 
an indication of the degree of reaction with time. Since 
formaldehyde can in principle be consumed by five competing 
primary reactions (formation of the five phenol alcohols ••• 
equ(9) ) as well as many possible secondary reactions (self-
condensation, Canizzaro etc.) such determinations can only 
serve to give an overall kinetic rate constant. 
Progress in the study of the initial stages of the 
reaction pathways was achieved by Freeman and Lewis 32 using 
a paper chromatographic technique. 
lined in two previous papers 33 ,34 by 
This technique was out-
. , 
the same authors using 
• model' compounds, including the synth:si2ed phenol alcohols 
IV, V and VI, which were shown to be separated successfully 
and determined semi-quantitatively. The technique was further 
-13-
extended by Reese 35 to two dimensional paper chromato-
graphy which separated isomers of double ring compounds 
e.g. dihydroxydiphenylmethanes. Overall, these methods 
have been refined and adapted by many other workers and 
have become the basis for much of the work on kinetics. 
The disadvantages of these methods are that they can be 
restricted in applicability owing to solubility limitations 
and their rapidity is dependent on the chromatographic 
development time. Quantitative removal of the products 
from the paper has also caused some problems. 
Thin layer chromatography (T.L.C.) was used as a 
means of separation of phenol and the phenol alcohols 
(I ~IVI) by Aldersley and Hope. 36 Initially, compounds 
Ill, IV, V and VI were prepared before the extinction 
coefficients of all six compounds were determined at 280nm. 
using standard solutions. T.L.C. was used to separate 
compounds from a lightly condensed resole and their Rf 
values compared to the synthesized 'model' compounds. Gel 
perme,ation"" chromatography (see 2.5.) was used to monitor 
the purity of all the compounds involved and to determine 
the concentration of each phenol alcohol present using a 
refractometer set at 280nm. 
" 32 As mentioned previously, Freeman and Lewis were the 
first workers to describe the kinetics of the seven reactions 
involved in the synthesis of the phenol alcohols by being 
able to follow the appearance and dis-appearance of each 
alcohol in the reaction scheme but prior to formation of 
dinuclear compounds. Even under these conditions, it was 
-14-
necessary to use some simplifying adjustments so that 
the mathematics could be handled in such a way as to provide 
individual rate constants for the reaction of each of the 
phenol alcohols. Thus, sufficient base was used to 
convert all of the phenolic compounds to the ionic forms 
and el'iminate the need to incorpora1e ionisation constants 
into the equations. Also, the reaction of formaldehyde 
and each phenol 'alcohol was studied independently using an 
amount of formaldehyde equivalent to the total number of 
available reactive phenolic nuclear positions. This 
latter condition had the disadvantage that it was not 
totally representative of the actual rea'ction being 
simulated. All reactions were stopped by cooling and, 
the addition of a large amount of methanol. Hemiformals 
of the methylol phenols were not taken into account during 
the subsequent analysis as their signficance in phenol-
formaldehyde chemistry was unknown at the time. Despite 
the limitations of the methods used, the conclusions 
drawn from the work of Freeman and Lewis were very important 
and are discussed in more detail in 4.1.2. 
r 
They confimed that the reactions were of second order 
A 
and established that there were significant differences in 
both positional and molecular reactivities of the compounds 
involved. 
Zavitsas 37 et al. carried the kinetics and mechanism 
of the phenol-formaldehyde reaction one stage further by 
identifying the significance of hemi-formals in resoles and 
taking their formation into account in the kinetic studies. 
-15-
By extensive use of computer analysis he calculated rate 
constants for the same reactions studied by Freeman and 
Lewis. It was found that the data of earlier workers 
such as Debing et al,3 8 Dijkstra et a1 39 ,40 and Freeman 
et al. fitted the kinetic equations of Zavitsas with up 
to 50% of the phenolic compounds neutralised provided 
allowances were made for factors already mentioned e.g. 
presence of hemi-formals, di electric constant of the 
reaction medium and acid ionisation constants of the 
phenol alcohols. As with all previous workers, Zavitsas 
stopped the reactions when dinuclear compounds began to 
be formed «2 mole %) in order to allow mathematical 
treatment of the results to be carried out. 
Though comparison of::rate constant values calculated 
-'-
by different workers is not really feasible because they 
were determined under a variety of conditions and 
temperatures it is possible to compare the positional 
reactivities (i.e. rate constant ratio values) for 
methylolation of the phenolic species (values normalised 
wi th resp'ect to K5 ) • 
H 
Cf-leOH 
I~ 
6 -K~ 
C I-~OH 
(26 ) 
OH Ct\0H 
I 
CI-\0H 
-16-
TABLE I 
FREEl1AN. AND 
LEWIS 
ZAVITSAS et a!. ALDERSLEy36 
et a!. 
a (l)b (2)b (3)b (4)b 
K1 1.4 (1. 00) 0.93 1. 09 0.91 1.09 1.21 
K2 1.7 (1. 32) 1. 32 1.25 1. 39 1.16 1.60 
K3 2.3 (2.24) 2.32 2.21 1.77 2.01 1.69 
K4 2.0 (2.12) 1. 68 2.02 1.29 1.52 2.00 
K5 1.0 (1.00) 1.00 1. 00 1. 00 1. 00 1.00 
K6 11. 1 (5.00) 4.95 4.04 3.86 3.17 3.27 
K7 
Terrp 
( QC) 
(a) 
(b) 
2.4 (1. 80) 1.18 1. 61 0.95 1.25· 1.62 
30 30 30 57 57 40 
"'." 'i';· 
The results in brackets were calculated by taking 
account of formaldehyde equilibria and were calculated 
by Zavitsas. 
Figures in columns (1) and (3) relate to dilute 
solutions \vith phenol and formaldehyde concentrations 
of approximately IM and 2M respectively, whilst those 
in columns (2) and (4) are for phenol and formaldehyde 
concentrations of 5f-! and 911, respectively. 
Aldersley et al. 36 considered the methylolation of 
phenol using sodium hydroxide as catalyst in dilute aqueous 
solution Le. ignoring the effects of formaldehyde-polymer 
equilibria and of the di-electric constant of the reaction 
medium. It was found that at low concentrations, the 
initial rate of methylolation was directly proportioned to 
the concentration of sodium hydroxide and of formaldehyde. 
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By computer integration of the rate equations for the 
methylolation of phenol, of 2- and 4- hydroxybenzyl alcohol, 
the experimental rate curves were simulated and optimal 
values for the rate constants of all rnethylolation steps 
were obtained. The positional reactivities of the various 
phenols are given in Table I. No attempt was made to 
consider the kinetics of the condensation reactions leading 
to di-nuclear compounds. 
Hore quantitative information may be obtained from the 
use of gas liquid chromatography (G.L.C.) and 1-H nuclear 
magnetic resonance (N.H.R.). It has been found that, 
though resole resins are usually too reactive and heat 
sensitive to be analysed directly by G.L.C., the acetate 
trifluoroaatate and trimethylsilyl ether derivatives of a 
resole can. all be fonred and all have sufficiently high 
vapour pressures and thermal stability to allow the lower 
molecular weight compounds to be separated by this technique. 
. 41 Higginbottom et al. converted phenol and the mono-nuclear 
phenol alcohol derivatives to their respective acetate esters 
uSing.acetic anhydride in pyridine. The complex acetylated 
mixtures were resolved using temperature programming 
techniques in conjunction with an ionisation detector. 
Quantitative separation was possible of not only the acetate 
esters of the various methylolated mono-nuclear phenols but 
also the corresponding hemi-formals. The validity of the 
method was confirmed by nuclear magnetic resonance (see later). 
The main advantage of this derivative forming method was 
that the acetates were formed quantftatively under mild 
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conditions and were much easier to handle and to isolate 
in a pure form in comparison to the other two types of 
derivatives. The disadvantage of this method was that 
it was not possible to resolve the higher molecular weight 
phenol alcohols. 
Troughton and Razon42 prepared trimethylsilyl ether 
derivatives of mono- to tetranuclear methylolated phenols 
as well as acetylated derivatives of the same resole resin. 
They found that the former derivatives gave better 
separation with less tailing than ·the latter. Not only 
were the mono- and dinuclear methylolated phenols 
separated with good resolution but also methylolated 
phenols in the tri- and tetranuclear range. In this work 
no artificial constraints were applied in the conditions 
" 
of resole synthesis to limit the mechanism to reactions 
that produce only mono-nuclear methylolated phenols as 
in previous reported papers. However, they found that the 
resulting mechanisms and pathways were so complex under 
these 'free' conditions that no attempt was made to 
consider the individual rate constants. Only an overall 
first order reaction with respect to phenol was concluded. 
The methods so far described have been mainly applicable 
to ,lower molecular weight fractions of soluble pre-polymers. 
l-H nuclear magnetic resonance yields quantitative functional 
group analysis on any complex resole or its acetate. 
Although N.M~R. does not reveal the identity of the 
individual molecular species present, the quantitative 
number average structures provide a rapid, independent way 
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of confirming the structural analysis of other analytical 
methods such as G.L.C. Hirst et al. 43 used high 
resolution N.M.R. to' study soluble novolak pre-polymers 
to yield direct measurements on the relative amounts of 
methylene bridges located at different positions on the 
phenolic rings. It was indicated that the N.M.R. spectra 
of non-acetylated novolaks in acetone solutions could 
reveal .the relative amounts of methylene 
ortho-ortho', ortho-para and para-para'. 
bridges located 
44 Woodbrey et al. 
used N.M.R. to carry out structural determinations on the 
more complex resole-type resins as well as novolaks. 
It was shown that benzyl-type hemi-formals can make 
substantial contributions to the structures of these resins. 
The structures of several resoles were discussed in terms 
-
of reactions which can occur during the resin synthesis e .. g. 
hydroxy-methylolations and condensations yielding 
diphenylmethane-type and dibenzyl ether-type bridges. 
More recently 13C - N.M.R. spectroscropy has also 
been applied to the analysis of formaldehyde containing 
resins. Mukoyama et al. 45 described the analysis of the 
di- and trimers of para-cresol novolak. De Breet et al. 46 
gave a more comprehensive study of phenol, urea and melamine-
formaldehyde resins. The spectra were inte~preted with 
the aid of spectra of reference compounds and simple 
calculations based on additivity increments. Each type 
of resin gave a specific 13C - N.M.R. spectrum from which 
lines were assigned that gave information on the structure 
of the resin in relation to the type of condensation or 
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· catalyst used. 
Another technique introduced to the field of phenol-
formaldehyde resin analysis is mass spectrometry. This 
technique has been used in many investigations of phenols,47 
but the schematical reports of the phenolic resin 
intermediates 48 ,49 are comparatively few. Takagi et al. 50 
studied the mass spectra of mono-nuclear phenol alcohols 
in resole resins and DPMs in novolaks. Polycondensates 
of novolak resins were also studied but no dinuclear 
compounds or polycondensates were investigated from the 
resole resin. Lindner51 combined mass spectrometry with 
G.L.C. in the study of both novolak and resole resins. The 
trimethylsilyl ether derivatives of the phenol alcohols 
were separated as per the method of Troughton et al. 42 
The separated compounds were then individually analysed 
using a mass spectrometer. It was possible to identify 
the mono-nuclear phenol alcohols and DPMs as before but 
not peaks corresponding to higher molecular weight compounds. 
An analytical method developed for kinetic studies is 
that of Laser Raman Spectroscopy. This technique has 
become more important with the advance of laser sources 
and is now a complement to infra-red studies (see below). 
Chow and Chow52 followed the initial stages of resole 
formation using this techique. There were able to follow 
the appearance and disappearance of mono and di-substituted 
methylolated phenols. It was found that at the later 
stages of resole formation, the complexity of the reaction 
caused a difficulty in spectral resolution and rendered a 
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spectral comparison unrealistic. However, consistent 
results obtained from work involving Raman spectroscopy 
and paper chromatography suggest that the former technique 
can be efficiently applied for studying resole reactions 
in the future. 
Infra-red (I.R.) analysis has been used for a number 
of years as an effective method for studying polymer 
structures. In resole resins it is used to' detect 
vibrational absorption characteristics of certain functional 
53 groups e.g. methylol (-CH2 0H) groups and average degree 
and position of substitutimonthe phenolic rings. 53- 55 
Its main advantage is that it has been one of the few 
useful methods applicable to the study of the structures 
of insoluble cross-linked phenolicresins. 56 Its main 
.. , . ~:;;; ... -
disadvantage in the study of resole resins is that samples 
taken after the condensation reactions require dehydration 
because of the strong i.r. absorption bands associated 
with the presence of water. Inevitably, such steps cause 
further chemical reactions and irreversibly alter the 
chemical and physical properties of the resole. A very 
comprehensive re view of the wave-lengths of absorption 
bands characteristic of phenolic compounds found by workers 
in the. infra-red spectrum ).s given by Secrest. 57 
During the last ten years, the technique of gel permeation 
chromatography (G.P.C.) has become established as an important 
analytical method available for the fractionation and 
characterisation of polymers. It is rapidly becoming 
indispensable in the field of polymer science both for the 
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determination of molecular weight distribution (M.W.D.) 
of macromolecules and for the fractionation of medium 
and high molecular weight materials for further 
characterisation by other physical and chemical methods. 
In the field of thermosetting resins G.P.C. 
techniques have now been applied to a wide range of 
compounds including polyesters, polyurethanes and epoxies, 
as well as to formaldehyde-based resins. A general 
review of both G.P.C. apparatus58 and its application is 
given by Ellis. 59- 64 A similar review of applications 
65 66 is given by Tanno and Tsuge. Relatively little work 
however has been carried out on phenol-formaldehyde resins, 
in general, and resoles in particular. 
The analysis of phenolic mixtures by G.P.C. was 
. 67 ,····:.r' 
recommended by Drum and studied in some detail by 
Gordikes and Konrad?8 The latter authors determined 
the molecular weight distribution of a novolak by both 
fractional precipitation and G.P.C. It was found that 
the two methods gave similar distributions once the G.P.C. 
column had been calibrated with appropriate novolak 
standards. Quinn et al. 69 studied thefractionation 
and identification of the low molecular weight constituents 
of a novolak reaction mixture whilst Vasishth et al. 70 
compared T.L.C. and G.P.C. in studying the molecular 
weight distribution for water-soluble phenol-formaldehyde 
resins. 71 Aldersley et al. studied the M.W.Ds of resins 
produced by reaction of formaldehyde with phenols, melamine 
or urea using Bio-bead gels packed into specially prepared 
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glass columns. It was commented that excellent 
fractionations of novolak and resoles of low molecular 
weight were achieved using this type of cross-linked 
polystyrene gel. 
The main reference papers in the field of resole 
analysis by G.P.C. are those of Duval t 1 72,73 d ea. an 
74 Wagner and Greff. Duval 72 studied the separation 
of· resoles dissolved in tetrahydrofuran (T.H.F.) using 
cross-linked polystyrene gels. 'Model' compounds and 
compounds of known molecular dimensions assisted in the 
interpretation of the resulting chrornatograms. The 
method was used to investigate the way in which various 
reaction parameters e. g. phenol/formaldehyde (P IF) rat,io, 
reaction temperature etc. affected the composition of 
.... :;;'} 
resoles both in preparation and treatment after synthesis, 
. 74 
e.g. distillation of water from the resin. Wagner 
followed a similar approach to Duval using 'model' compounds 
to identify peaks. The effects that the catalysts sodium 
and barium hydroxides and hexamethylenetetramine had on 
the total composition of a resole resin were demonstrated 
with the aid of N.M.R. and the G.P.C. chromatograms. 
G.P.C. analysis of resoles gives rise to several 
problems which are not fully understood and are still being 
investigated. These include the extent of hydrogen bonding 
between the various chemical species and the eluting solvent. 
The influence of hydrogen bonding in G.P.C. has been 
investigated by Freeman and Angeles. 75 Its effects in 
resole analysis using tetrahydrofuran have been investigated 
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and shown to have a marked effect on the elution volumes 
of particular chemical species. 72 ,74,76,77 Yoshikawa et al. 77 
concluded that the discrepancy between the calculated and 
observed molar volumes is explained by assuming the 
solvation of T.H.F. to phenolic hydroxyl groups except 
when hindered by. ortho-substi tuents or by the formation of 
intramolecular hydrogen bonds in the molecules of the 
phenolic compounds. Feurer and Gourdenne 78 ,79 used the 
phenomenon of solvation to attempt improved chromatographic 
separation of small molecules by use of dimethylformamide 
(D.M.F.) to study phenol-formaldehyde, melamine-formaldehyde 
and phenol-melamine-formaldehyde resins. 
In recent years, there has been a rapid development 
in high performance liquid chromatography (H.P.L.C.) 
owing to the introduction of rigid microparticles packed 
in long narrow-bore columns and new high-pressure pumps 
with operating pressures up 8 .80,81. to ,001Jp.s.1. Th~s technique 
has been applied to the study of phenol-formaldehyde resins 
by Sebenik. 82 ,83 In the first paper82 he described the 
analysis of low, intermediate and high condensation phenol-
formaldehyde resins using sodium hydroxide as catalyst 
for the first two types, and hydrochloric acid for the 
last. Phenol, the monO-methylolated phenols and the DPMs 
were separated and identified using standard compounds but 
several peaks which probably arose from the di-methylolated 
phenols and polynuclear compounds were not identified. 
The second paper83 considered the reaction of dimethylphenols 
with formaldehyde in alkaline medium. It was concluded that 
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reactions via the para position of the substituted phenols 
appear to be favoured. Also it was noted that formation 
of intra-molecular bonds and steric hindrance between 
hydroxy-methyl, hydroxyl and methyl groups resulted in a 
decrease in the inter-molecular bonds formed with the 
stationary phase (Li-Chrosorb Si-60). Thus it was found 
that, owing to stronger intramolecular forces caused by 
different positions of the hydroxymethyl group on the 
aromatic ring, the retention times of ortho-substituted 
phenols were lower than those of para-substituted .ones. 
1.4 Project Objectives 
From section 1.3 it can be seen that a large number 
of separate analytical techniques have been used to suudy 
resole resin. However, because of the complexity of the 
reactiorS involved in these. resins, the knowledge gained 
has been limited to two main areas. First, information 
has been obtained which concerns various aspects of the 
overall resin characteristics e.g. use of N.M.R. to determine 
the relative amounts of methylene and ether-bridge linked 
compounds, infra-red studies of functional groups etc. 
Secondly, data is available which has been gained from 
studies of the·.· initial reactions of phenol and formaldehyde 
or the analysis of resins which have been prepared under 
artifically controlled conditions e.g. by the prevention 
of double ring formation etc. Outside of these two areas 
very little study has been carried out into the products 
formed and reaction pathways involved in the condensation 
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stages of resole resins. Consequently, in this work it 
was hoped to synthesize resins under condi tions ~lhich 
did not restrict the formation of di- and trinuclear 
entities, analyse the products formed using a comprehensive 
range of analytical techniques and subsequently establish 
the preferred reaction pathway in each case. It was 
envisaged that this final part would involve the isolation 
and identification of double ring compounds which had 
not been attempted previously. 
In the synthesis of a resole resin there are a large 
number of variables which determine its final chemical 
composition and corresponding physical properties e.g. 
purity and concentration of the starting materials, nature 
and concentration of the catalyst used, temperature of the 
.... :,-..;;--
reaction vessel and the nature of the solvent. Obviously 
it would involve a great deal of work to monito::,. in turn, 
the effect of varying each of the preparation parameters 
on the resin produced. For this reason it was decided to 
monitor the effect of the catalyst used in the resin 
synthesis, other conditons being kept constant as far as 
was experimentally possible. This parameter was chosen 
as the variable one for two main reasons. First, preliminary 
work carried out using G.P.C. analysis had shown that the 
catalyst used in the synthesis of resole resins had more 
influence on the resultant molecular weight distribution 
than other factors such as phenol/formaldehyde ratio. 
Secondly; the work complemented a field of study which is 
of current interest to Formica Ltd. i.e. the feasibility 
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of commercial produc_tion of resole resin using a continuous 
reactor. This second fact resulted in some of the synthesis 
parameters being already defined (see below). It was 
hoped that, though this initial study would still be 
carried out as a batch process, it would be an ideal 
model in consideration of the continuous system. 
In the past a wide variety of catalysts have been 
used to prepare resole resins. Catalysts are usually 
classed into two types i) strong alkalis such as sodium 
hydroxide, sodium carbonate, barium hydroxide, calcium 
hydroxide and qua._ ternary ammon-ia hydroxide ii) ammonia 
or primary, secondary and tertiary amines. Three 
catalysts were chosen to be investigated i) sodium 
hydroxide ii) barium hydroxide and iii) triethylamine. 
'0' . :;;~. 
These are the three most commonly used catalysts in the 
resole resins made by Formica Ltd-. An ammonia catalyst 
(as ammonium hydroxide solution and hexamine) was also 
investigated but it was found that separation into two 
layers in the reaction vessel made representative sampling 
very difficult and a comparison with the other three catalysts 
unrealistic. 
Normally the commerc:i:al resins of Formica Ltd. are 
synthesized using phenol (98%) and formalin solution (44% 
w/v formaldehyde). In the continuous process para form 
(a solid polymerised form of formaldehyde) is used and 
so was used in this work. It had the advantage that it 
offered the possibility of longer preparation times at 
lower temperatures enabling sample extraction from the 
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reaction vessel to be carried out more easily than using 
formalin solutions. The phenol/formaldehyde ratio was 
chosen as 1/1·75 and the catalyst concentration as 0·05 
moles catalyst/mole phenol. Both these parameters were 
set at the same values as in the continuous process. 
The first phase of work was the formulation of a 
method of resin preparation, applic able to the conditions 
stated, which would result in a resin which was neither 
too under- or over-reacted at the finish of the synthesis 
i.e. within a molecular weight distribution range and 
physical property specifications encountered in the commercial 
resins. Also, it would need to be such that samples could 
be taken from the resin vessel over a period of several 
hours in order that further chemical analysis and physical 
,., •• 1'-
measurements could be carried out. 
The second phase of work was the construction of an 
analytical gel permeation chromatography system using 
components from various manufacturers to give an instrument 
specifically designed for the study of low molecular weight 
condensates «3,000 mol.wt.). Using this system it was 
hoped to calculate the molecular weight .distributions of 
the extracted samples and to investigate if there was any 
relationship between molecular weight and the physical 
properties of a resin usually measured, e.g. viscosity. 
J 
·The third phase was considered the most important 
one i.e. the investigation of the products formed in the 
syntheses involving the different catalysts using a widely 
ranging variety of analytical techniques including gel 
-29-
permeation chromatography (G.P.C.), thin layer 
chromatography (T. L. C. ), nuclear magnetic resonance (N .H. R.) 
and infra-red analysis (I.R.). It was envisaged that a 
preparative G.P.C. column would be assembled to enable 
separation of sufficient of each compound present for 
these analyses to be successful. It was hoped to 
determine both qualitatively and quantitatively all the 
. mono-nuclear phenols in each resin. Secondly, an attempt 
was to be made to isolate and identify the dinuclear 
phenolic compounds present and to carry out a quantitative 
determination. From these results the preferred reaction 
pathways could be postulated for each catalyst and the 
viscosity/molecular weight relationship considered in . 
terms of the products formed as a result of each particular 
pathway. Using this approach, a much more comprehensive 
investigation into the analysis of resole resins would have 
been carried out than had been previously attempted. 
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CHAPTER II 
'\'-
-'. 
CHAPER II 
EXPERIMENTAL 
2.1 Initial Resin Synthesis. 
Preliminary .studies centred around formulating the 
method of resin preparation which would give samples 
suitable for analysis over a reasonable time scale, i.e. 
several hours, and result in a resin with a molecular 
weight distribution characteristic of commercial resin 
formulations. Sodium hydroxide was used as the catalyst 
for these experimemhs. It was believed that it was 
easier to control the rapid temperature increase due to 
the initial exothermic addition reaction for this catalysed 
system than for the others. The apparatus used for the 
resin preparation is shown in Fig.: 1. 
1,200 gm. phenol (crystallisation pt. 40·6·C) and 
691 gm. para form (97%) were added to the 2 litre reaction 
vessel. These quantities gave a phenol/formaldehyde ratio 
of 1/1·75. The reactants were thoroughly mixed over a 
two hour period using the paddle arrangement connected to 
a variable speed electric motor by a belt-drive. The 
temperature of the reaction vessel was held at 45°C by its 
immersion in atlermostated water-bath. On addition of 85·2 gm. 
of a 30% sodium hydroxide solution (0·05 moles/mole phenol) 
the speed of the stirrer was increased to 200 rpm in order to 
dissipate the heat from :the highly exothermic addition 
reaction. Extreme care was necessary in the first few 
minutes after the catalyst addition since, if the temperature 
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of the reaction flask was allowed to rise above 60°C 
because of inadequate heat transfer, the reaction rapidly 
accelerated out of control and caused very violent boiling 
and subsequent gelation. It was found that the resin 
cleared after about one hour from catalyst addition under 
controlled conditions. 
Samples of resin (approx. 50ml) were taken from the 
reaction vessel at hourly intervals (catalyst addition 
taken as zero time) using a glass tUbe/bottle arrangement 
connected to a vacuum line assembly. Each sample, after 
labelling, was immediately placed in a deep freeze in 
order to prevent any subsequent reaction. The final 
sample was taken after the reaction had proceeded for 
seven hours. 
Each sample, dissolved in tetrahydrofuran (T.H.F.) at 
a concentration of 0·5% was analysed by G.P.C. (see 2.5). 
Some of the G.P.C. chromatograms are given in Fig. 2. 
Free phenol contents (see 2.8) were determined and the 
results are also given in Fig. 2. Viscosity values (see 
2.7) were determined using Ostwald suspended level 
viscometers set in a water bath at 23°C. Readings were 
taken at the same time each day over a period of fourteen 
days from the time of preparation. The values for three 
samples (2hr, 5hr and 7hr.) are given in the form of a 
graph in Fig. 3. A portion of resin was taken from the 
viscometer which had held the 7hr. resin sample for two 
weeks and re-run through the G.P.C. instrument to monitor 
the changes in molecular size distribution which had caused 
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the viscosity increase. The G.P.C. chromatograms for 
the 7hr. sample immediately after preparation and after 
14 days at 23°C are given in Fig.4. The free phenol 
content of this 'aged' resin was also determined using 
the same method as given in 2.B. 
From the results several facts emerged. First, at 
a reaction temperature of 45°C the free phenol content 
remained at 14·0 - 12·5% throughout the resin synthesis 
after the initial addition reactions had subsided. It 
appeared that some reaction of the 2- and 4-hydroxybenzyl 
alcohols was taking place to give the di- and tri-methylolated 
derivatives but that phenol was not involved in these reactions. 
However, on prolonged standing at 23°C the free phenol' 
content of the 7hr sample was reduced from 12·6 to 7·9% 
-;·'·::r 
with a resultant increase in the molecular weight distribution. 
It was concluded that a further reduction of free phenol 
could be achieved under the conditions used previously 
provided the water-bath temperature was raised suf~iciently 
to overcome the energy barrier preventing the remaining 
phenol from reacting into the resin. 
The second set of preparations was carried out using 
two water baths; the first maintained at 45°C and the second 
at a variety of temperatures i.e. 60,70,BO and 90·C. 
Starting reactant concentrations were the same as for the 
single bath preparations. It was found that BO·e for the 
second bath was the best temperature to achieve the required 
resin over the time scale planned. Using this combination 
a resin was prepared which cleared after about one hour 
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from catalyst addition and was left for a further three 
hours in the 4S·C bath. This time interval was required 
to allow the initial highly exothermic addition reactions 
to go almost to completion. The reaction vessel was 
transferred to the second bath set at 80·C. and samples 
taken at 60, 90 and 120 minutes from the time of transfer. 
The G.P.C. chromatograms of these samples are given in 
Fig. 5. and their viscosities plotted as a"function of 
reaction time in Fig. 6. 
The free phenol content figures (Fig. 7) indicated 
that during the course of the synthesis the level had 
decreased from approximately 14·5% to approximately 5·0%. 
The molecular size distribution had increased over a two 
hour period to a point which was comparable to many of the 
commercial resins monitored pr~~iously. - For this reason 
it was decided to use t.he two bath resin synthesis 
procedure, i.e. holding the reaction vessel at 4S·C for 
four hours after catalyst addition before transfer to the 
second bath set at 80·C, as the basis for further investigations 
into the influence of the catalyst on the properties of 
the subsequent resin. 
2.2. Sodium Hydroxide Catalysed Resin Preparation 
1200 gm. phenol (100%) and 691 gm. paraform (97%) were 
added to the 2 litre reaction vessel as before. The phenol/ 
formaldehyde ratiO was 1/1·75. After thorough mixing for 
two hours 85·2 gm. of the sodium hydroxide catalyst solution 
(30%) was added to the reaction vessel (0·05 mole catalyst/ 
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mole phenol). The resin was left in the water-bath at 
45°C for four hours. Immediately prior to transference 
to the BO°C water bath, a 50 ·ml. sample (designated zero 
time) was removed from the reaction vessel using the 
vacuum line assembly. Further 50ml. samples were taken 
at 15,30,45,60,75,90,105 and 120 minutes. All samples 
were placed in the deep freeze until required for further 
analysis. 
Free phenol contents of the samples were determined 
.using the G.L.C. method (see 2.8.). Viscosity values 
were recorded at 23°C using a Ferranti-Shirley viscometer 
(see 2.7). 'Ageing' characteristics of the samples were 
carried out by monitoring viscosity over a period of 
fourteen days at 23°C. G.P.C. analysis was carried out 
:.' . ~.;;~. 
using tetrahydrofuran as solvent (see 2.5.). 
2.3. Barium Hydroxide Catalysed Resin Preparations 
Preparation conditions were identical to those for 
the sodium hydroxide catalysed resins. 1200 gm. phenol 
and 691 gm. para form (97%) were added to the reaction vessel 
(P/F ratio 1/1·75) with a catalyst addition of 201·4 gm. 
(0·05 mole/mole phenol). The reaction vessel was held in 
the first water bath for four hours before transfer to the 
second bath set at 80·C. Samples were taken at zero, 
15,25,45,60,75,90,105 and 120 minutes after the transfer 
to the second bath. In preliminary preparations, some 
problems were encountered with excessive rises in temperature 
of the reaction mixture both on initial addition of the 
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catalyst and shortly after bath transfer. The initial excess 
heat appeared to be due to the fact that the catalyst was 
added as a fine powder rather than in solution and this miiY 
have resulted in localised heating at points in the 
resin where lumps of catalyst were present. It was found 
that the use of a higher speed stirrer giving more efficient 
mixing reduced the temperature rise to controllable 
proportions. Similar physical and chemical properties 
were measured as were determined for the sodium hydroxide 
catalysed resin. 
2.4.T~hylamine Catalysed Resin Preparation 
Conditions of preparation were the same as for the 
other two catalysed resins. 1200 gm phenol, 691 gm. 
paraform (97%) and 64·5 gm triethylamine catalyst (0·5 mole/ 
mole phenol) were used in the reaction flask. Samples were 
taken at zero,15,25,35,45,65,85,105 and 120 minutes after 
transference to the second bath. Viscosity measurements, 
G.P.C. analysis and free phenol contents were carried out 
on all samples. 
2.5 Assembly of the Analytical G.P.C. Instrument. 
The basic instrumentation used to carry out the 
analytical G.P.C. analyses is shown in a schematic diagram 
(see fig. 8). This system was made up of a number of 
components from various suppliers in order to give an 
instrument specifically designed for the study of low 
molecular weight condensates «3000 mol.wt.). It has 
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s'everal features which can be discussed in more detail 
under the follovling headings. 
2.5.1. Solvent and Solvent Handling. 
Tetrahydrofuran (T.R.F.), "Analar grade supplied by 
B.D.R. Ltd. was selected as the solvent to use in the 
chromatographic separation since it is one of the few 
solvents which possess a high ability to completely dissolve 
the substances under investigation and form stable molecular 
solutions with them whilst not dissolving, reacting with 
or degrading the column packing. It does however require 
careful handling since it absorbs water and forms peroxides" 
on contact with air for any length of time. This latter 
point is why commercial tetrahydrofuran is stabilised with 
0·1% quinol. As quinol is very strongly U.V. absorbent 
:., . ::;;'- .-. 
at 254 n.m. (the wave-length of the U.V. detector) and 
thus interferes with the detection of eluted compounds it 
was necessary to remove it by distillation over nitrogen. 
Each batch of re-distilled tetrahydrofuran was monitored 
at 254 n.m. in a U.V.spectrophotometer before use to check 
that all the stabiliser had been removed. This distilled 
solvent was stored in a 2 litre flask reservoir under 
vacuum and protected from sun-light by use of a black covering. 
It was also de-gassed at regular intervals to prevent air 
bubbles forming in the cells of the detector and giving 'spikes' 
on the read-out trace. The main requirement for the solvent 
handling system was that it must store the solvent, remove 
any dissolved gases and carry the solvent, at a constant rate 
of flow, past the sampling device to the head of the column. 
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A stable and repnrlucible flow-rate was of prime importance 
for meaningful comparison between one sample and another. 
To fulfil this latter requirement the pump selected for the 
system was a Milton Roy controlled volume pump linked with 
a L.O.C. self-nulling bellows acting as a pulse damper. 
This pump was a reciprocating, positive displacement one 
designed to meter liquids in measured volumes against a 
positive differential pressure between pump suction and 
discharge. Flow rates were very reproducible over the 
range considered (0·5 ~ 3.0 rnl/min) with a pressure 
head of lSO-300psi at the top· of the bank of columns. For 
the G.P. C. analyses carried out in this work the flow-rate 
was held at O·Sml/min. 
2.5.2. Sample Introduction. 
Usually a 0'5% solution of the resin sample was made 
up in re-distilled T.H.F.and filtered to remove any slight 
suspension which might cause a blockage in He flow cells. 
This solution (lO~l) was injected directly onto the column 
bank using a hypodermic syringe and septum arrangement of 
the type used in gas chromatographs (see fig. 9.). This 
arrangement gave a much more rapid injection time than the 
use of a sample loop and so reduced peak broadening in the 
final chromatogram. Its main disadvantage was that sample 
volumes were less reproducible than the loop method. This 
could be overcome by use of an internal standard (toluene) 
in samples where direct comparisons were necessary. 
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2.5.3. separation. 
The separation of the polymer sample into its various 
molecular weight entities was carried out using from one to 
four stainless steel columns packed with semi-rigid 
polystyrene gels. Each column was 2ft long, ~" (9·5 mm) 
diameter and supplied wi th the corresponding swagelok ". 
couplings for connection to the instrument or other columns 
by Applied Research Laboratories (A.R.L.) Ltd., Luton Beds. 
The columns were maintained at room temperature throughout 
the analyses. For normal separations four columns were 
used giving a total length of Sft. The polystyrene gels 
used were marketed under the name of Bio-beads (see 2.5.6.). 
2.5.4. Detection 
. .::;" 
Detection of separated materials was carried out by 
continuously monitoring the effluent stream from the end 
of the column bank using an ultra-violet ( U.V.) detector 
set at 254 nm. The U.V. detector (model 750/10) was 
supplied by Applied Research Laboratories Ltd. and consisted 
of two units, the optical unit and the control unit. The 
optical unit contained the U.V. source (low pressure, hot 
cathode mercury lamp), dual flow cell (S~l volume), dual 
photo detector and associated optical elements. 
Range and zero controls and the circuit monitor meter 
were mounted on the front of the control unit. The range 
switch attenuated the recorder signal by factors of two for 
maximum readability over the entire dynamiC range of the 
detector (0·02 to 0·64 O.D.U. full scale). Since the 
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detector read-out is linear-absorbance of essentially 
mono-chromatic radiation at 254 nm, the recorder chrom-
atographic peaks are proportional to peak concentrations 
for all solutes which absorb significantly at 254 nm. 
At the end of the flow system was constructed a 
drop counter.arrangement which monitored the amount of 
solvent flowing through the instrument. Each fifty 
drops a pulse was sent to the recorder which produced 
a 'blip' on the chart. In this way it was possible to 
have a very accurate record of the volume of eluting solvent 
which took into acco.unt any slight variation of flow rate 
from one type of analysis to another. 
2.5.5. Recorder 
,.' , ,~:;'-
The recorder was a Servoscribe 2, two-channel 
potentiometric recorder produced by Smiths Industries 
Ltd. and fitted with an event marker. One channel input 
(lOmV) was connected to the U.V. detector. The event 
marker was connected to the drop counter assembly. Normal 
chart speed was 30cm/hr. 
2.5.6. Column Packing Materials 
Columns were packed with S-x2 gel, one of the grades 
of Bio-bead S gels supplied by Bio-P~d Laboratories. Bio-
beads S is a series of neutral porous styrene-divinylbenzene 
(S/DVB) copolymer beads whose pore dimensions are controlled 
during manufacture by regulating the concentration of the 
cross-linking agent divinylbenzene. When maximally swollen 
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the molecular weight exclusion limit for Bio-beads S-X2 
is 2,700. 
These materials are semi-rigid in structure and 
undergo compaction if the pressure becomes too great 
(>400p. s. i.). Thus care was required to ensure that 
the pressure in the system did not rise above this figure. 
This was achieved by modifying the pointer on the pressure 
dial of the pump so as to activate a photo-cell and cause 
pump shut-down if this pressure was exceeded. 
The packing of columns with gel was carried out in 
the following manner. First, since the gel was supplied 
dry, it had to be swollen in re-distilled T.R.F. prior 
to use. The solvent was de-gassed under reduced pressure, 
added.to the column packing and the suspension of swollen 
, .. " :pr" 
gel left to equilibrate over-night. Before adding it to 
the column the swollen gel.was again degassed. It was 
important that the entire volume of the gel slurry was 
added to the column at the same time to prevent trapping 
of air bubbles. The top of the column was extended using 
a glass funnel/beaker arrangement. With the column outlet 
shut, de-gassed re-distilled T.R.F. was poured into it. 
Next, the swollen gel was poured down a glass rod into the 
glass funnel to avoid bubble formation and splashing. The 
gel was allowed to settle under gravity for fifteen minutes 
before opening the column outlet to complete the packing 
under. flow. When fully packed, both the column inlet and 
outlet nuts were tightened and the column transferred to 
the instrument. Solvent was pumped at the maximum working 
pressure (350p.s.i.) to equilibrate the packing for about 
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half an hour before disconnecting the inlet end of the 
column in order to top up with swoll~n get after settling. 
This procedure was repeated until, after pumping at 
maximum pressure, no free space was seen at the top of 
the column. Once reconnected the column was ready for use. 
84 
2.6. Preparative G.P.C. Chromatographic System. 
2.6.1. Column and Plungers. 
A glass column (50 cm. long. 25mm. i.d.) supplied 
by Whatman was used as the separation unit in the preparative 
gel permeation chromatography apparatus. It was chosen 
in preference to a stainless steel one because it allowed 
the o!:lservation of the gel bed both during packing and ,when 
in use. This was most important since any cracks or 
." .. " .. " 
channels in the gel would result in a loss of resolution. 
The column and plunger are shown schematically in Fig. 10. 
Turning the nylon ring of the plunger pushed down the 
polyethylene ring over the oblique bottom part, expanding 
the ring firmly against the glass wall, so that it could 
easily withstand pressures up to 3atmos. if necessary. 
For the connection of column, plunger and 3-way-valve with 
flexible polyethylene tubing, stainless steel capillaries 
and hypodermic needles ( 1·3 mm o.d, 0·8 mm i.d, 4 cm length) 
were used. 
2.6.2. Column Packing. 
The column was packed with Bio-beads S-X2 gel 
previously swollen over-night in re-distilled tetrahydrofuran. 
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This was done by extending the column using a glass 
funnel/beaker arrangement and adding enough T.H.F. to 
fill the column to a height of approximately 20 cm. The 
slurry of swollen gel was carefully poured down a glass 
rod into the funnel to avoid bubble formation. The gel 
was added to the column in a continuous manner to avoid 
it settling into discrete 'bands'. 
Once the gel had settled properly into the bottom 
10 cm. of the column the lower tap \vas opened to allow 
the rest of the gel to be packed under flow. After the 
level of the gel had reached a suitable point in the upper 
part of the column, the top plunger was placed in pOSition 
and solvent flow continued until no further decrease in 
the volume of the gel bed was observed_ The plunger was 
• ~f' 
then pushed down onto the gel bed, care being taken to 
avoid the entrapment of air, until there was no dead 
volume between it and the gel. The column was then ready 
for use. 
The schematic diagram for the complete system is 
'shown in Fig .11. The solvent, re-distilled tetrahydrofuran, 
was stored-in a reservoir set above the level of the top 
of the column so that it gave a gravity-feed flow. A 
constant head device was added to ·.the ,:reservoir to maintain 
this flow at a steady rate. Samples were introduced onto 
the head of the column using a simple 3-way valve. 
Detection was carried out using a double beam Grubb 
Parsons Spectromaster infra-red spectrophotometer. 
/ 
Balanced potassium chloride window cells were used to 
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monitor the effluent from the column outlet, distilled 
tetrahydrofuran being used as the reference material. 
2.6.3. Application 
Solutions were made up of 2-hydroxybenzyl alcohol 
(5,10 and 20 mgm/ml) in T.H.F. to use as a means of 
determining the amount of material required for on-scale 
-1 infra-red anaylsis. A spectrum was run (4,000-400cm ). 
for each solution against distilled T.H.F. as reference. 
From these spectra it was possible to determine the 
concentration of standard required for injection onto the 
column (2% \v/V) and in addition gave information on the 
wave-lengths at which the standard material absorbed. A 
separation was carried out using sml. of a 2% \v/V solution 
of 2-hydroxybenzyl alcohol injected onto the top of the 
column to check the abcve concentration. The detector was 
set at 770cm- l (benzene ring substitiution absorption band) • 
5 ml. quantities of 2%W/V solutions of the other 
available standards were prepared. For each solution a 
-1 
spectrum (4,000-400cm ) was run against a reference of 
distilled T.H.F. From these spectra it was possible to 
-1 pick out suitable absorption bands in the range 850-700cm • 
for each standard's detection. These band values are given 
in Table 2. 
The calibration of the column was carried out by injecting 
solutions of the standard compounds in turn onto the top 
of the column. The volume of solvent corresponding to the 
peak for each of the materials was recorded using a drop 
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TABLE 2 
Benzene Ring Substitution Patterns in Pheno1ic Resins. 
HO < ) 
H 
HO--{f , 
H 
Normal Phenol (1. - substituted Ring) 
Infra l€d (I. R. ) Absomanoe Bands: 690cm -1 750cm-l • 
2 - substituted Phenol (1: 2 - silbstituted:,!Ring) 
. -1 
I. R. Absorbance Band: 760cm 
4 - substituted Phenol (1:4 - substituted Ring) 
-1 I.R. Absorbance Band: 830cm . 
. ,", ::-.;" 
2:6 - substituted Phenol (1:2:3 - substituted Ring) 
-1 I.R. Absorbance Band: 760cm • 
2 : 4 - substituted Phenol (1: 2 : 4 - substituted Ring) 
-1 I.R. Absorbance Band: 830cm • 
2:4:6 - substituted Phenol (1:2:3:5 - substituted 
-1 I.R. Absorbance Band: 890cm • 
Ring) 
counter device. The calibration graph was constructed 
by plotting molecular dimensions (OA) of the standard 
involved against its elution volume. This plot is 
given in Fig. 12. 
For solvents with molecular dimensions ~ 30 o A, it 
was necessary to use polyglycol standards supplied by 
Waters Associates. This was not a totally satisfactory 
method of calibration since ideally it would have been 
best to use materials whose molecular structures were 
known to be present in the resins. However, narrow 
molecular weight distribution phenolic standards are not 
available over the molecular range 300 - 1,500 and so a 
compromise had to be made. The absorption band chosen 
for selection of these standards was 3,300cm-1 (hydroxyl 
absorption band). A calibration graph was drawn of 
molecular dimensions (OA) against election volume (ml) 
for the range 0-250 o A. (Fig.13). 
2.7. Viscosity Measurement Of The Resin Samples. 
In the initial resin preparation using sodium 
hydroxide catalyst, viscosity measurements were carried 
out using Ostwald suspended level viscometers kept at 23°C 
by placement in a thermostated water-bath. The time taken 
(secs) for the resin to pass through the glass bulb under 
gravity was noted. By use of the formulae. 
N 
c 
= 
d t 
c c 
d t 
r r 
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(26) 
K (calibration constant) = N c 
d t 
c c 
(27) 
where Nc = viscosity of a standard compound (silicone 
oil) at 23°C, 
N - viscosity of the resin. 
r 
d
c 
= specific gravity of the standard. 
tc = time (secs) taken for the standard to pass 
through the bulb. 
= specific gravity of the resin. 
= time (secs) taken for the resin to pass 
through the bulb. 
the viscosity (poise) of the resin sample could be determined. 
N = K d t 
r r r 
(28) 
These viscometers were found to be acceptable for samples 
with viscosity values up to about 30 poise. Above this 
value it was found that the measurement time (t
r
) became 
excessive . 
For the study of the resin syntheses using different 
catalysts, a Ferranti-5hirley viscometer was used. This 
instrument had a cone and plate arrangement with which a 
variable rate of shearing stress could be applied to the 
resin sample. A water-bath, set at 23°C, was. used to 
store these samples during the resin 'ageing' studies. 
For each viscosity determination a drop of resin was placed 
on the plate of the instrument and the cone brought down to 
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touch it at the prescribed height. With the cone in 
gear, the set shearing value (r.p.m.) was increased in 
regular amounts up to a maximum of 1,000 r.p.m. The 
corresponding instrument reading was noted for each increase 
of the shearing value. A plot of set shearing value 
against resultant instrument reading gave a straight line 
whose gradient multiplied by the appropriate cone constant 
(determined using silicone oils of known viscosity) gave a 
calculated viscosity value (poise) for the sample. 
2.8. Free Phenol Content Determination of Resin Samples. 
Free phenol contents of the various resin samples 
were determined using Formica Test Method A4.2. This 
method used a gas liquid chromatography (G.L.C.) technique 
,-' . «-:-' '-
without the need for a steam distillation stage and was 
specific for phenol. For-each resin sample approximately 
1.2 gm. were weighed out and extracted three times with 
three m!. aliquots of diethyl-ether acidified with one 
drop of concentrated hydrochloric acid (Hcl.). These 
aliquots were transferred to a 10 ml. graduated flask 
and made up to the mark with-ether. 
Each solution was injected (0·8~1) onto the head of 
a stainless steel column (3ft.) containing a suitably 
coated support (F.F.A.P. coated on Diatomitec A.A.W.). 
A knmvn amount of diphenylmethyl carbinol was added to 
each injection solution to act as internal standard. 
Detector and injection port temperatures were set at 
220°C. The column temperature was raised from 100°C 
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up to l60°C in a temperature programme mode of operation 
in order to achieve suitable separation of the phenol and 
internal standard in the shortest possible time. 
A calibration graph vIas prepared by plotting the 
ratio of (phenol peak area/internal std. peak area) against 
phenol content (gms/lOml.) for a number of standard phenol 
solutions. The phenol content of the extract was read 
off this prepared calibration graph and the percentage 
free phenol in the sample calculated from 
%W/W free phenol = phenol content of extract(gm/lOml)XlOO (29) 
wt. sample taken (gIDS.) 
For each sample the determination was carried out in 
duplicate and a mean figure for, percentage free phenol 
.... ,.; 
calculated. 
2.9. Calculation Of Molecular Weight Distribution And 
Molecular Weight Averages. 
The molecular weight distribution (M.\'l.D.) of a given 
polymer sample is perhaps its most basic characteristic 
as it reflects the synthesis conditions under which it was 
made. All synthetic polymers are polydisperse i.e. there 
is a distribution of chain lengths in a given sample. This 
distribution is usually characterised by its principal 
moments. i) Numb.er average molecular weight Mn' 
ii) Weight average molecular weight Mw 
molecular weight M
z
. 
and iii) Z-average 
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M 
w 
M 
z 
m 
= E 
i=l 
m 
= E 
i=l 
m 
= E 
i=l 
n. M
1
.h 
1 ~ n i i=l 
(30) 
2 
n.M. / 1 1 m 
n.M. E 
i=l 1 1 
( 31) 
'3 
n.M. / 1 1 m 
n.M. 2 E 
i=l 1 1 
(32) 
where n. is the number of molecules of the i th kind and 
1 
Mi is their molecular weight. 
defined as the ratio 
M /-
w M 
n 
Polydispersity is usually 
For each of the samples taken from the reaction vessel 
during the resin syntheses Mw' Mn and polydispersi ty 
ratio values were calculated using the corresponding G.P.C. 
chromatogram traces. The method used was essentially 
that of Waters Associates. 8S 
If the G.P.C. curve is considered to be a composite 
of many peaks', each representing a particular species, and 
the area of each peak to be proportional to the amount 'of 
that compound, then the total area under the curve is 
proportional to the amount of material present. The 
chromatographic curve can be divided up by drawing 20-70 
vertical lines at equal distances apart along the base-line 
to a point on the curve. The height, H. of the vertical 
1 
line is measured in each case and the corresponding elution 
volume noted. This latter value is converted into a figure 
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for the maximum extended chain length (Li ) by use of the 
g.p.c. calibration curve. 
If all species present are assumed to have the same 
relative response (i.e. the proportionality factor between 
the amount and the area is constant for all species) and 
the area of the peak is approximated by a rectangle HiDi 
where 
Therefore H.D. 
l. l. = = 
( 33) 
H. = l. 
D. = l. 
W. = l. 
Q = 
= 
= 
height of the ' rectangle' of the i th species. 
width of the 'rectangle' of the i th species. 
amount of the i th species. 
proportionality factor relating maximum 
extended chain length ,to molecular weight .. 
maximum extended chain length of the i th species. 
-
molecular weight of the i th species. 
substituting into equation (30) 
gives 
M = LQLiNi LH.D. QEHi n 
= 
l. 1-
= L N. H.D. H. 
l. L l. l. L2-QLi L. l. 
(34) 
D. drops out because the H.'s are measured at equaID.'s. 
l. l. l. , 
The factor 
Hi 
/LH. represents the normalisation of the curve. 
l. 
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similarly, 
M = QEL. (H./EH.) 
w 1 1 1 
(35) 
Using equations 34 and 35 it was possible to determine 
M,M and the polydispersity ratio M /M for the resin 
w n w n 
samples. 
2. 10. Isolation and Identification of Compounds Present in 
the Synthesized Resins. 
2.10.1. Thin Layer Chromatography. 
From the use of the preparative. gel permeation 
chromatography column, as was already discussed in 2.6., 
it was possible to separate each of the samples taken during 
resin synthesis into 10 ml. fractions over the appropriate 
elution volume range. However, it was found that, if a 
10 ~l. quantity of one of these 10 ml. fractions was injected 
onto the column set of the analytical G.P.C. instrument, 
though one predominant peak emerged there was also usually 
small peaks correstnding to other compounds being present. ,. 
Thus in order to carry out any determination of chemical 
structure using e.g. N.M.R., mass spectrometry and infra-red 
studies, further separation and isolation of the synthesized 
products was essential. Thin layer chromatography (T.L.C.) 
offered one of the best methods for achieving this aim. 
Initially, work was concentrated on finding a solvent 
system which would give an acceptable separation of the mono-
and di-nuclear phenols present in the resin preparation. 
Approximately 15 solvent combinations were evaluated including 
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xylene, xylene/chloroform (3:1), (1:1) U:3), hexane/ethyl 
acetate (4: 1) ,. (3: 2), benzene/methanol (95: 5) and butanol/ 
ammonia (4:1) solvent mixtures. Merck sil~ca gel P60 
20 x 20 cm. plates containing fluorescent indicator (254 nm.) 
were used in this evaluation after being activated by heating 
at 120·C for approximately thirty minutes. Both standard 
compounds and separated resin fractions were eluted on the 
plates to assess the degree of separat~on for each solvent 
system. It was found that no one solvent system gave an 
acceptable separation of both mono- and di-nuclear phenols 
but that a 50% dichloroethane/50% ethyl acetate combination 
gave complete separation for. the mono-nuclear phenols. 
The best separation of the di-nuclear phenols was achieved 
using a 95% ethyl acetate/5% methanol mixture. 
Having determined the best solvent systems to use, 
it was possible to carry out the further ~solations required 
for the assignment of chemical structure. The 45 min. 
sample of the sodium hydroxide catalysed resin can be taken 
as an example to illustrate the procedures involved. The 
preparation G.P.C. chromatogram is given in Fig. 14. Each 
of the 10 ml. fractions was evaporated down to a small volume 
using a hot plate. A few drops of the concentrated solutions 
were spotted onto each of two activated Merck 20 x 20 cm. 
silica gel plates together with standard compounds. One 
was developed in a chromatography tank containing 50% 
dichloroethane/50% ethyl acetate and the other in the 95% 
ethyl acetate/5% methanol mixture. Using the two plates it 
was possible to determine how many compounds were in a 
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particular fraction and their general classification i.e. 
mono- or di-nuclear. It was found that mono-nuclear 
phenols were present in fractions 270 ml. up to 360ml. and 
di-nuclear phenols in fractions 240 ml. up to 260 ml. 
The mono-nuclear phenols were separated and identified 
in the following way. The evaporated fractions from the 
preparative G.P.C. (270 ml. up to 360 ml.) were combined 
and reduced once more in volume by evaporation. This 
solution was streaked along the bottom of a T.L.C. plate 
using a glass capillary and the plate developed in the 50% 
dichloroethane/50% ethyl acetate solvent mixture.. On 
gentle warming to remove the solvent, the plate was viewed 
under a V.V. light source (254 nm.). The separated 
compounds appeared as dark blue bands against a light green 
;'··::.r 
fluorescent background. Each band had its boundary pencil 
marked before the compound.together with the associated 
silica gel \~ere scraped off the plate and into a paper 
thimble using a vacuum line arrangement. The isolated 
compound was re-extracted from the silica gel using re-
distilled tetrahydrofuran and filtered to remove any 
particles of the plate coating carried over. This solution 
could then be used for the identification of the compound. 
Quantitative determination of the mono-nuclear 
compounds was carried out by com':>ining fractions 270 ml. up 
to 360 ml. from a second preparative g.p.c. run for the 
45 minute sample. 20ml. of this solution was taken and 
evaporated down to a small volume before being made up to 
5ml. in a graduated flask with distilled tetrahydrofurim 
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0·5 ml. of this solution was transferred to the T.L.C. 
plate and run in the 50% dichloroethane/50% ethyl acetate 
mixture. Each separated band was immediately removed 
from the plate and re-extracted with tetrahydrofuran 
before being made up to 10 ml. with the same solvent. 
3 ml. aliquots of these stock solutions were diluted to 
25 ml. in order to carry out ultra-violet (U.V.) analysis. 
(see 2. 10 . 2 . ) . 
For the analysis of the di-nuclear phenols separate 
T.L.C. plates were run in 95% ethyl acet·ate/5% methanol 
for the preparation G.P.C. fractions 260-270 ml. 
250-260 m!. and 240-250 m!. of the 45 minute. sample. The 
separation was more difficult in this solvent system 
because of the increased complexity of the products but 
it \~as still possible to detect several discrete bands. 
Dlira-red analysis, together with the use of analytical 
g.p.c., was used to ascertain which bands on one plate 
corresponded to those on another so that the concentration 
of products was possible. Each isolated compound was 
re-ex.tracted from the silica gel using re-distilled. 
tetrahydrofuran. These solutions were then used in the 
identification of the compounds. 
Quantitative determination of the dinuclear compounds 
proved to be a much more difficult task than that of the 
mononuclear compounds because of the decreased separation 
efficiency and reduced quantity of each compound on the 
plate. The overall amount of double ring compounds present 
in the resin was calculated by combining fractions 260-270 ml, 
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250-260 ml, and 240-250 ml. from a second G.P.C. preparative 
run before removing the sol vent by gentle heating and 
leaving in a vacuum oven at room temperature for 24hr. 
A known weight of the dinuclear compounds was taken 
and diluted to a suitable concentration with re-distilled 
tetrahydrofuranin order to carry out U.V. analysis. 
(see 2.10.2.). An attempt was made to quantitatively 
determine the individual dinuclear compounds using the 
same procedure as for the mono-nuclear ones but several 
problems were encountered. These are discussed more 
fully in section 4. 1.2. 
2.10.2. Ultra-Violet Analysis. 
A Perkin-Elmer 551 double beam spectrophotometer 
" . . ~r' _ 
was used to determine the data associated with U.V. 
analysis. This is a ratio-recording, scanning, grating 
instrument with a scan range of 195-800 nm. The 
quantitative determination of the mono-nuclear phenols 
was carried out by recording the absorbance spectrum for 
each of the diluted solutions from 320 nm. to 240 nm.using 
1 cm. silica cells (re-distilled T.H.F. used as the 
reference), and measuring the absorbance value at 254 nm. 
= Ebc (36) 
where 
A = absorbance value at 254 nm. 
b = cell thickness (1 cm.) 
c = concentration (moles/litre). 
E = extinction coefficient at 254 nm. 
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The values of the extinction coefficients (E) for 
the individual mono-nuclear phenols were determined at 
, 
254 nm. by use of standard solutions containing a known 
weight of compound in each case. Using equation 36. 
values for £ were calculated knowing the values for 
A254 , band c. 
The overall extinction coefficient of the dinuclear 
compounds at 254 nm. was also determined using a solution 
containing a known weight of the compounds. The main 
problem in the calculation was the value of molecular 
weight to take in order to calculate the concentration 
in moles/litre. Analytical G.P.C. was used to run a 
solution of the combined fractions and a mean molecular 
weight calculated using the method outlined in 2.9 . 
.. ,. -,;;~ 
~. 
This mean figure was used to calculate the concentration 
in inoles/litre. 
2.10.3. Infra-red Analysis. 
Infra-red analysis was carried out on both resin 
samples and separated compounds using a Grubb Parsons 
Spectromaster infra-red spectrometer. For the 45 min. 
sodium hydroxide catalysed resin sample, the 10 ml. 
fractions were individually evaporated down to a small 
volume on a hot plate. One drop of each solution was 
pipetted in turn onto a circular rock-salt plate and left 
in an oven at 30°C for several minutes to allow the solvent 
to evaporate. The plate was then placed in the sample 
beam of the instrument and a spectrum obtained (4,000-400cm- 1 ) 
for each fraction. In this way the spectra of the 
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different fractions were monitored for absorption bands 
corresponding to particular types of aromatic substituted 
compounds (Table 2). 
Infra-red analysis was also used to identify and 
compare the individual mono-nuclear phenols separateg 
using the T.L.C. method. Each compound had its spectrum 
determined from 4000 to 400 cm-I. and this was compared 
with spectra of standard compounds. The spectra of the 
isolated dinuclear compounds were obtained in a similar way. 
2.10.4. Nuclear Magnetic Resonance. 
The analysis of standard and isolated mono- and 
dinuclear phenolic compounds was carried out using a Perkin-
Elmer R-32 instrument. Each compound was dissolved in 
d 6-acetone and a few drops of tetramethylsilane (TMSi). 
added as internal standard. The spectra were run between 
° and 10 ppm (~) in connection with an integrator which 
gave a 'step-wise' trace for each signal. The height 
of each step was proportional to the number of nuclei, 
responsible for that absorption. 
After the initial spectrum had been run, a small 
amount of deuterium oxide (D20). was added to the solution 
to determine the positions of signals attributable to the 
protons in hydroxyl groups (-OH). Protons attached to 
oxygen present special problems. Absorption positions 
vary over a wide range due to hydrogen bonding which, in 
turn, is a function of the temperature, the concentration 
and the particular solvent used. Also, an exchange process 
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can arise in which the proton of one molecule transfers 
to a second at a rate that is sufficiently fast that the 
lifetime of a proton on any molecule is much less than 
the life-time of 10-2 to 10-3 required for N.M.R. to 
observe a single state. If no exchange occurred each 
site would show up as a sharp peak but exchange averages 
the shielding of each environment and causes the bands 
to coalesce into a single peak, somewhat broader than 
normal, whose sharpness increases as the rate of exchange 
increases. By adding D20 into the solution all protons 
attached to oxygen were replaced by deuterium which did 
not show up in the spectrum. Thus resonance signals of 
hydroxyl groups could be determined by scanning spectra 
for peaks which disappeared ~~~~r the D2~ exchange 
procedure. Usually a new signal was also seen in the 
second spectrum due to the species H - 0 - D. 
* For some of the compounds a shift reagent Eu(fod)3 
was added which behaved as a Lewisacid binding basic 
substrates as labile ligands. 
It was used in order to attempt the separation of 
the overlapping signals of methylene protons in methylol 
., 
(37) 
groups (-CH 2-OH) and those in ether (-CH2-O-CH2-) linkages. 
By co-ordination to the methylol groups in a compound it 
* Europium tri (l,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-
octanedionate) 
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was hoped th~t the shift reagent would cause the resonance 
signal of these groups to be moved sufficiently away from 
the signal associated with any ether linkages present for 
their identification and integration to be achieved. 
2.10.5. Mass Spectrometry Analysis 
All analyses involving mass spectrometry were carried 
out using a A.E.!. M.S. Mass spectrometer. Samples were 
bombarded with a beam of electrons accelerated from a 
filament up to an energy of 70eV. These samples were 
held in a probe in the ion chamber and could be heated by 
means of a heater wire in the probe. The temperature was 
slowly raised from room temperature up to a possible 
maximum 300°C. until an acceptable fragmentation pattern 
was achieved and a spectrum run. For the standard and 
isolated single ring compounds an ion source temperature 
of 170-175°C was required whilst for the double ring 
compounds it had to be increased to 185-195°C. 
The determination of molecular· ions for the resole 
products proved very difficult in certain cases e.g; 
Na 2.1. and impossible in others e.g. Na 2.5, Ba 2.4. 
Problems were encountered with these compounds of both 
i~reproducible fragmentation patterns under the same 
operating conditions and polymerisation effects at the 
source. It was found that varying the source temperature 
from 100°C to 300°C still did not provide satisfactory 
results. 
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CHAPTER III 
RESULTS 
3.1. Standard Compounds. 
A number of 'standard' compounds, both mono and 
dinuclear phenols, were used in the identification of 
the compounds isolated from the resins synthesized 
using the three different catalysts. The infra-red 
spectra of these compounds are given in Fig. 16-23. 
The wave-lengths of the important absorption bands 
are given in Table 3. Table 4. shows the data obtained 
from mass spectrometry for these compounds in terms of 
molecular ion,base peak and rragmentation ions. Table 
5 presents the data determined from nuclear magnetic 
resonance studies in terms of the number and environment 
of the protons present and the ,corresponding resonance 
-'-'-
positions. The N.M.R. spectra, together with the 
relevant integration curves are given 'in Fig.24-30. 
Table 6, shows the peak el'Ll ti on volume (ml.) of each 
standard determined using the analytical G.P.C. instrument 
and its Rf value using the 50% ethyl acetate/50% 
dichloroeth'ane sol vent system. The calculated extinction 
coefficients of the mono-nuclear phenols are given in 
Table 7. 
3.2. Sodium Hydroxide Catalysed Resin. 
The analytical G.P.C. chromatograms for the samples 
taken during the sodium hydroxide catalysed synthesis are 
given in Fig. 31. The traces have been corrected for any 
small variations in sample injection and elution', volume 
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by reference to the internal standard (toluene) in order 
that direct comparisons between samples and between 
catalysts can be made. The 'free phenol contents of 
these samples, determined using the G.L.C. method, are 
given in Fig. 32. as a function of reaction time (rnins.). 
Comparison between these values and those calculated 
from the height of the corresponding phenol peak (el·ution 
volume 80·0 ml.).taken from the analytical G.P.C. 
chromatograms showed very close agreement in each case 
(~ 3% variation). Fig.33. shows the relationship 
between viscosity (poise) and reaction time (mins.) for 
the samples taken from the reaction vessel. Fig.34. 
show s the relationship between viscosity and time (days) 
at 23°C in 'ageing' studies of the resin. Fig. 35. 
shows a plot of loge (viscosity) against loge (molecular 
weight) using the calculated values given in Table 8. 
The separated single ring compounds (fractions 
360-270 ml.) coded NA.l.lup to NA.l.6, were identified 
by comparison with the 'standard' compounds mentioned in 
3.1. using infra-red, mass spectrometry, N. M. R, T. L.C, 
G.P.C. and U.V. analysis. The infra-red and N.M.R. 
spectra for each isolated compound~ given in turn in 
Fig. 36-40. Data concerning mass spectrometry, T.L.C, 
G.P.C. and U.V. analysis are given in Table 9. The 
results of the quantitative determination of these compounds 
using U.V. analysis are given in Fig. 41. and tabulated 
in Table 10. The separated double ring compounds 
(270-240 ml. fractions), coded NA.2.1 up to NA.2.5 were 
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identified using infra-red, mass spectrometry, N.M.R. 
T.L.C, and G.P.C. The infra-red and N.M.R. spectra 
for each isolated compound ar-e given in Fig. 42- 49. 
Date concerning mass spectrometry, T.L.C. and G.P.C. 
analysis are given in Table 11. The determination 
of the structure of each isolated compound from this 
data is explained in detail in 4.1. 
3.3. Barium Hydroxide Catalysed Resin 
In Fig. 50 are shown the analytical G.P.C. 
o 
chrmoatograms for the resin samples taken during the 
.. , 
barium hydroxide catalysed synthesis. The traces 
have been corrected for any small ,variations in sample' 
injection and elution volume in the same way as for 
••.• ::01'--
" 
the sodium hydroxide catalysed syntheSis. The free 
phenol contents of these samples are given in Fig.32. 
as a function of reaction time. Fig .,33. shows the 
relationship between viscosity (poise) and reaction 
time (mins.) for the samples taken from the reaction 
vessel. Fig. 51 shows the relationship between viscosity 
and time (days) at 23°C in 'ageing' studies of the resin. 
Fig. 52. shows a plot of log (viSCOSity) and loge (molecular 
e , 
weight) using the calculated values given in Table 12. 
The separated single ring compounds (fractions 
360-270 ml), coded BA.l.l to BA.l.6 were identified in 
the same way as for the sodium hydroxide catalysed synthesis 
by comparison with 'standard' compounds using infra-red, 
mass spectrometry, N.M.R, T.L.C, G.P.C. and U.V. analysis. 
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They were found to be the same six compounds as isolated 
in the previous synthesis. The results of the quantitative 
determination of these compounds using U.V. analysis are 
given in Fig. 53 and tabulated in Table 13. The 
separated double ring compounds (270-240 fractions), 
coded BA. 2 ;.1 to 2.5. were identified using infra-red, 
rnass-spectrometry, N.M.R, T.L.C. and G.P.C. The infra-
red and N.M.R. spectra for each isolated compound are 
given in Fig. 54- 59. Data concerning mass spectrometry, 
T.L.C, and G.P.C. analysis are given in Table 14. The 
determination of the structure' of each isolated compound 
from the data is explained in 4.2. 
3.4. Tr~hylamine Catalysed Resin 
. :.j" 
In Fig. 60, are shown'the corrected analytical G.P.C. 
chromatograms for the Tesin samples taken during the 
triethylamine catalysed synthesis. The free phenol 
contents of the samples are given in Fig. 32 as a function 
of reaction time. Fig.33. shows the relationship between 
viscosity (poise) and reaction time (mins.) for the samples 
taken from the reaction vessel. Fig. 61 shows the 
relationship between viscosity and time (days) at 23°C. in 
'ageing' studies of the resin. Fig. 62. shows' a plot of 
loge (viscosity) and loge (mol.wt.) using the values given 
in Table 15. 
The separated single ring compounds (fractions 
360-270 ml.), coded TEA.l.1 to TEA.l.6, were identified 
by comparison with 'st·andard' compounds using infra-red. 
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mass spectrometry, N.M.R. T.L.C. G.P.C. and U.V. 
analysis. The analyses confirmed that the compounds 
were the same as in the previous syntheses. The results 
of the quantitative determination of these identified 
compounds are given in Fig. 63 and tabulated in Table 16. 
The separated double ring compounds (270-240 ml. fractions), 
coded TEA 2.1. to TEA 2.6. were identified using infra-red, 
mass spectrometry, N.M.R. and G.P.C. The infra-red and 
N.M.R. spectra for each isolated compound are given in 
Fig. 64- 6~ Data concerning mass spectrometry, T.L.C. 
and G.P.C. analysis are given in Table 17. The determination 
of the structure of each isolated compound is explained in 4.3. 
-64-
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TABLE 3 
Infra-Red Analysis Absorption Bands of 'Standard' Compounds 
-OH (Hydroxyl) Skeletal stretching of Phenolic -OH Aliphatic hydroxyl Out-of-plane -cH Standard Corrpound semi-unsat~ate~l groups i~1-CH20H defomation 
stretching (cm-I) -1 vibrations (cm-I) carbon-camon. (cm ) bending (cm ). (cm ) 
2-Hydroxybenzyl alcohol 3200 1622,1605,1468 1260 1000 760 
, 
4-Hydroxybenzyl alcohol 3100 " 1610,1600,15,10,1450 1220 830 
2,6 Dihydroxybenzyl alcohol 3300 1600,1480,1460 1210 1010 785 
2,4 Dihydroxybenzyl alcohol 3250 1615,1510 1265 990 835 
2,4,6 Trihydroxybenzyl alcohol 3250 1610,1482,1460 1220 1025 885 
2-Hydroxydiphenylrrethane 3250 1605,1590,1495,1450 1220 - 765,690 
4-Hydroxydiphenylrrethane 3160 1600,1510,1490,1450 1235 - 840,735,690 
Bis (2-Hydroydiphenyl) rrethane 3250 1613,1590,1490,1455 1255 - 750 
A 
Bis(4-Hydroxydiphenyl)rrethane 3250 1615,1600,1510,1450 1240 - 810 
Bis(2-Hydroxydiphenyl)ether 3250 ,1618,1590,1495,1460 1220 1070 (ether 750 
-CHz·0.CH2-) 
TABLE 4 
Mass Spectrometry Analysis of 'Standard' Compounds 
Standard ColllX'und r-blecular; Base Peak Irrportant Fragrrents Ion (m /e vallE) (m/e vallE) (m/e value) 
, 
2-Hydroxybenzyl alcohol 124 71 121,106,86,78,77,57,56,51. 
4-Hydroxybenzyl alcohol 124 124 123,107,106,105,95,79,78,77,67,65,53,51,50. 
:: ... 
2,6-Dihydroxybenzyl aloohol 154 uS 136,119,108,107,91,90,80,79,77,71,59,57,55,51. 
2,4-Dihydroxybenzyl aloohol 154 107 136,110,108,95,91,90,80,79,78,77,65,55,53,51. 
2,4,6-Trihydroxybenzyl alcohol 184 no .. 166,165,151,149,137,135,124,123,120,119,109,108, 
107,95,91,82,81,79,77,71,65,59,57,55,53,51. 
Bis(4-Hydroxydiphenyl )rrethane 200 200 199,183,181,171,169,153,152,141,131,128,127,115, 
108/107,100,94,91,89,79,78,77,76,65,64,63. 
Bis(2-Hydroxydiphenyl)rrethane 200 107 182,181,171,165,153,152,151,141,131,128,127,115, 
108,100,95,94,91,79,78,77,76,66,65,63. 
TABLE 5 
Nuclear Magnetic Resonance (N. M. R.) Analysis of 'Standard' Compounds. In d 6-Acetone 
Aromatic Ring Msthylol Ether Bridge M;thy lene Bridge Hydroxyl Standard Conpound (ppm) -~ -O-OH (ppm) Linkage Linkage (-OH) (ppm) (-cH2-0-cH2-) (ppm) (-Clf2-) (ppm) 
2-Hydroxybenzyl aloohol Multiplet 7·15(2 protons) 4-75(2 protons) 2·9(2 protons) 
Multiplet 6·75 (2 protons) 
, 
r. 
4-Hydroxybenzyl alcohol Doublet 7·23,7·13 (2) 4·50 W) 2-9 (2) 
DOublet 6-71,6-81 (2) 
2,6-Dihydroxybenzyl alcohol Doublet 7·20,7·11 (2) 4-80 (4) 
Triplet 6-88,6·80,6·69 (1) 
2,4-Dihydroxybenzyl aloohol Multiplet 7·26,7·20,7-10(2) 4-77 (2) 
Multiplet 6·83,6·72,6·69(1) 4-55 (2) 
2,4,6-TrihydroAybenzyl alcohol Singlet 7·08 (2) 4-71 (4) 
4·48 (2) 
* Bis (4-Hydroxydiphenyl) Doublet 7-01,6-92(4) 3-76(2) 5·0 (2) 
M;thane. DJublet 6 -75,6·65 (4) 
* Bis (2-Hydroxydiphenyl) Multiplet 7-15(4) 4· 66 (4) 4 - 3 (2) 
Ether_ Multiplet 6-85(4) 
* Analysis carried out in d4-M;OH/COCl3 mixture_ 
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TABLE 6 
Peak Elution Volumes and Rf. Values (50% ethyl acetate/ 
50% dichloroethane) of 'Standard' Compounds. 
Standard Compound Elution Volume Rf. Value (ml) 
Phenol 80.0 0.83 
2-Hydroxybenzyl alcohol 75.5 0.69 
4-Hydroxybenzyl alcohol 72 .8 0.51 
2,6-Dihydroxybenzyl alcohol 71.5 0.43 
2,4-Dihydroxybenzyl alcohol 70.0 0.18 
2,4,6-Trihydroxybenzyl alcohol 67.5 0.08 
Bis(2-Hydroxydiphenyl)methane 69.5 0.83 
Bis(2-Hydroxydiphenyl)ether 68.8 0.80 
Bis(4-Hydroxydiphenyl)methane 66.3 0.78 
.. , . ,.~ .. ' 
TABLE 7 
Calculated Extinction Coefficients (E) 
Of the Mono-Nuclear Phenols 
Standard Compound Extinction Coefficient 
(1, mole-lcrn-l ) 
280nm 254nm Peak 
Phenol 1683 482 2116 (274nm) 
2-Hydroxybenzyl alcohol 1929 407 2099 (274nm) 
3-Hydroxybenzyl alcohol 1802 213 1824 (279nm) 
2,6-Dihydroxybenzyl alcohol 2196 482 2196 (28Onm) 
2,4-Dihydroxybenzyl alcohol 1795 267 1805 (282nm) 
2,4,6-Trihydroxybenzyl alcohol 2145 402 2160 C282nm) 
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TABLE 8 
Sodium Hydroxide Catalysed Resin 
Sample Viscosity Log
e 
Wt .aver. 'No .aver. Log
e 
Log Po1ydisp-
Time (mins) (poise) mol. wt. MoL wt. e ersity. Vis.c. M- M-(M-) (M- ) w n (M-/M-) 
w n w n 
0 7.2 1.980 270 ~ 246 5.596 5.503 1. 09 8 
i 
15 11. 6 2.453 282 254 5.642 5.536 1.11.2 
30 25.5 3.237 328 281 5.794 5.639 1.167 
45 38.6 3.653 385 323 5.952 5.777 1.191 
60 56.9 4.041 403 328 5.999 5.794 1.226 
75 71.2 4.266 426 343 6.055 5.839 1.241 
90 86.1 4.456 447 357 6.103 5.877 1.254 
105 103.5 4.640 473 373 6.160 5.923 1.268 
120 111. 5 4.714 496 385 6.206 5.954 1.286 
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TABLE 9 
Isolated 
* Compound Mass Spectrometry Analysis Rf G.P.C.Peak Extinction Value Elution Volume Coefficient REF.NO. (ML) ( R-mole- :c:m. -1) 
-
Nolecular Base Peak Important 
Ion(mje value) (mje Value) Fragments 
(mje Value) 
NA 1.2. 124 . 71 121,106,86 0.71 75.6 1940 
78,77,57,56, 
5I. 
. 
'. 
NA 1. 3. 124 124 123,107,106,105, 0.53 73.0 1785 
95,79,78,77,67, 
65,55,53,51. 
NA 1. 4. 154 135 136,119,108,107, 0.41 71.5 2200 
91,90;80,79,77, 
71,59,57,55,5!. 
NA 1.5. 154 107 136,110,108,95, 0.20 69.7 1815 
91,90,80,79,78, 
77,65,55,53,51, 
NA 1.6 184 110 166,165,151,149, 0.08 67.5 2140 
137,120,107,95, 
91,81,79,77,71, 
\ 65,55,53. 
* 50% Ethyl acetatej50% Dichloroethane Solvent System. 
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TABLE 10 
Quantitative Determination of Mono and Di-Nuclear Compounds ,in the Sodium Hydroxide Catalysed Resin. 
SAMPLE 
COMPOUND 15 MIN. 30 MIN 45 MIN 60 MIN 75 MIN 
" 
.(% of Total ,Resin) (% of Total Resin) (% of Total Resin) (% of Total Resin) (% of Total Resin) 
I 14.4 10.3 7.5 6.3 5.6 
II 20.2 12.7 9.3 7.4 6.9 
III 10.7 7.9 5.5 5.0 4.6 
rv 9.9 '7.0 5.1 3.4 3.7 
V 17.5 14.9 lL3', 10 .0 9.7 
VI 21.9 19.6 ~). 13.6 12.5 10.6 , 
DI-NUCLEAR 5.0 16.9 22.3 19.2 20.8 COMPOUNDS. 
TRI-NUCLEAR 
AND HIGHER 
MOLECULAR 0.4 10.7 25.4 36.2 38.1 
WEICRT COMPOUNDS 
(BY DIFFERENCE) 
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TABLE 11 
Isolated MASS SPECTROMETRY ANALYSIS G.P.C. Rf. Compound Molecular Base Important Value Peak Volume Ref.No Ion (mjeValue) Peak (m/e) Fragments(mje value) (me. ) 
NA 2.1 260 71 242,224,213,195,181, 0.89 63.5 
165,155-152,137-135, 
123-119,107, 97, 95, 
91, 77, 69, 57, 55. 
NA 2.2 260 71 242,225,224,213,211, 0.83 62.5 
197,195,183,181,165, 
155,152,141,139,127, 
125,110,107, 99 - 97, 
85, 77, 69, 57, 55. 
NA 2.3. -
- - 0.70 61. 8 
, 
NA 2.4 290 71 288,272,270,260,258, 0.62 60.8 
242,241,227-224,213, 
211,195,183-181,165, 
153,152,149,141,135, 
124-119,108,107, 95, 
94, 91, 79 - 77, 69, 
65, 57, 55. 
L Na 2.5 - - - 0.41 58.8 I 
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TABLE 12 
Barium Hydroxide Catalysed.Resin 
Sample Viscosity Log
e 
Wt. aver. No.aver. Log Log Polydisp-
Time (Mins) (poise) mol. wt. Mol. wt. . e e ersity. Vis,c. Mw M-(MW) (Mn) .n (MW/Mfi) 
., 
• 
0 22.4 3.108 278 247 5.628 5.508 1.127 
15 37.0 3.610 301 262 5.708 5.567 1.151 
25 58.7 4.360 338 284 5.822 5.649 1.189 
45 140.1 4.942 371 310 5.916 5.736 1.197 
60 232.0 5.447 391 318 5.969 5.761 1.231 
75 378.2 5.935 413 335 6.024 5.814 1.233 
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TABLE 13 
Quantitative Determination of Mono and Di-Nuclear Compounds in the Barium Hydroxide Catalysed Resin 
SAMPLE 
COMPOUND ZERO TIME 15 MIN 25 MIN 45 MIN 60 MIN 75 MIN 
(% of (% of (% of (% of (% of (% of 
Total Resin) Total Resin) Total Resin) Total Resin) Total Resin) Total Resin) 
I 17.3 14.4 ' 11.3 9.3 8.2 7.1 
II 12.0 8.5 7.1 6.4 5.3 4.2 
III 6.8 6.2 4.8 4.8 3.8 3.0 
IV 8.0 7.0 5.8 5.5 4.4 3.3 
V 14.3 11.5 ", 9.7 9.3 7.4 4.5 
4 
VI 30.3 28.5 '21. 8 18.4 12.1 9.6 
DI-NUCLEAR 9.7 21.2 30.1 35.2 36.6 34.3 COMPOUNDS 
TRI-NUCLEAR 
AND HIGHER 
MOLECULAR 1.6 2.7 9.4 11.1 22.2 33.9 
WEIGHT COMPOUNDS 
(BY DIFFERENCE) 
." 
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TABLE 14 
Isolated MASS SPECTROMETRY ANALYSIS G.P .C. 
Compound Molecular Base Important Rf Peak Volume Value Re f. No Ion (m/eValue) 
.', 
: "Peak (m/c) Fragments (mje value) (mt. ) 
BA 2. l. 260 71 242,224,213,211,197, 0.82 62.5 
195,183,181,165,152, 
141,139,127,110,107, 
99 - 97, 85, 77, 69, 
57, 55. 
BA 2.2 - - - 0.76 62.3 
• 
;...; 
BA 2.3 290 71 288,272,270,260,258, 0.62 60.8 
242,227-224,213,211, 
195,183-181,165,153, 
152,149,141,135,124-
. 119,107, 95, 91, 79-
" 
77, 69, 65, 57. 
BA 2.4 
- - -
0.51 59.7 
BA 2.5 - - - 0.41 58.8 
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TABLE 15 
Triethylamine Catalysed Resin 
Sample Viscosity Log Wt. aver. No. aver. Log
e 
Log Polydisp-
Time (mins) (poise) e mol. wt. mol. wt. e ersity. Visc (MW) I (Mn) M- M- (MW/Mn) w n 
0 22. 1 2.385 272 246 5.607 5.505 1.107 
15 43.0 3.760 298 268 5.696 5.590 1. 112 
> n 
-25 58.5 4.068 309 ~. 276 5.734 5.620 1. 120 
35 75.4 4.322 325 286 5.785 5.655 1. 129 
45 94.0 4.543 334 295 5.810 5.686 1.132 
55 109.0 4.692 345 303 5.842 5.713 1. 138 
65 125.3 4.831 354 307 5.870 5.727 1.153 
85 164.0 5.100 372 317 5.919 5.760 1.173 
. i 
105 232.9 5.451 394 329 5.975 5.795 1.193 
120 281. 3 5.639 407 336 6.007 5.818 1.209 
Fig.63. Quantitative Values (Calculated as % of total 
resin) for Single Ring Compounds Present in the 
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TABLE 16 
Quantitative Determination of Mono- and Di-Nuc1ear Compounds in the Triethylamine Catalysed Resin. 
SAMPLE 
COMPOUND ZERO TIME 15 MIN 25 MIN 35 MIN 45 MIN 75 MIN 
(% of (% of (% of (% of (% of (% of 
'rota1 Resin) Total Resin) . Total Resin) Total Resin) Total Resin) Total Resin) 
I 22.1 11.2 9.9 9.2 8.4 5.5 
II 22.2 17.5 15.7 15.3 12.7 8.3 
III 17.2 13.4 13.6 12.6 10.8 7.8 
IV 7.0 6.6 ! 6.2 5.9 5.3 3.9 
V 17.1 21.0 !;21. 6 21.2 21.0 15.9 
VI 11.4 14.0 16.1 17.1 16.2 11.1 
DI-NUCLEAR 3.8 6.5 9.6 13.5 15.4 15.4 COMPOUNDS ( 
TRI-NUCLEAR 
AND HIGHER 
MOLECULAR 
- 9.8 7.3 5.3 10.2 33.1 
WEIGIT CXJMPOUNDS 
(BY DIFFERENCE) 
·_----
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Fig. 66 (i) INFRA-RED SPECTRUM TEA 2.3. 
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Fig. 67 (i) INFRA-RED SPECTRUM : TE~ 2.4. 
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Fig 68. (i) INFRA-RED SPECTRUM TEA 2.5. 
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Fig. 69 (i) INFRA-RED SPECTRUM TEA 2.6. 
3600 2 00 1600 1400 1200 
\1 
11 jV\ \ 
(W v 
I 
f1 
f , " 
.. 
, 
! 
I 
Vi I 
3200 i700 1500 .... ,-' 1300 -. "'1100 
(ii) N.N.R. SPECTRUM TEA 2.6. 
DZO 
exchang~-../ 
4 
A 
I I 
8·0 7·0 
, 
6'0 
) 
5'·0 4:0 
1000 EOO 
('-., 
M 
v \. 
u 
v 
900 700 
l 
, I 3,0. Z·O 
J? J?M. 
TABLE 17 
Isolated MASS SPECTROMETRY ANALYSIS G.P.C. 
Compound Molecular Base Important Rf Peak Volume 
Ref .No Ion (m/eValue) Peak (m/e) Fragments (m/e value) Value (mt. ) 
TEA 2. l. - - - 0.76 62.3 
'rEA 2.2. - - - 0.72 62.0 
TEA 2.3. 290 71 288,272,270,260,258, 0.62 60.8 
242,241,227-224,213, 
,211,195,183-181,165, 
,',153,152,149,141,135, 
i124-119,108,107, 95, 
94, 91, 79- 77, 69, 
65, 57, 55. 
TEA 2.4 - - - 0.54 60.5 
, 
TEA 2.5 - - - 0.41 58.8 
TEA 2.6 
- - -
0.32 56.8 
, 
CHAPTER IV 
,.- •• ,"3 .... 
DISCUSSION OF RESULTS 
4.1. Sodium Hydroxide Catalysed Resin. 
4.1.1. Identification of CompoUnds Present. 
4 . 1 • 1 . 1. NA 1. 2 . 
Comparison of the data determined for the isolated 
single ring compound NA 1.2 with that of the standard 
compound 2-hydroxybenzyl alcohol shows very close agreement 
in all the analyses carried out. The main features of the 
infra-red spectrum (Fig.16, Fig 36 and Table 3) are as 
follows. The, strong broad band centred on 3200cm-l is 
due to -OH stretching frequencies. The bands between 
1650 cm- l and 1450cm- l are due to skeletal stretching modes 
of semi-unsaturated carbon-carbon bonds (i.e. 1622, 1605 
and 1468cm- l ). -1 The strong band at 1260cm is due to 
-~ ,~::. -1"·~ 
phenolic -OH bending and that at 1120cm is believed to be 
due to the phenolic hydroxyl group. 
, " -1 
The, band at 1000cm 
is due to aliphatic hydroxyl groups i.e. -CH20H (methylol). 
The band at 760cm- l is due to out-of-plane -CH deformation 
vibrations i.e. four adjacent ring hydrogen atoms (ortho 
" di-substitution) (Table 2). ,The N.M.R. spectrum (Fig.36) 
of NA 1.2 and that of the standard compound (Fig.24, Table 5) 
both show two multiplets centred at 7·15 and 6·75ppm. 
respectively which arise from resonance of the aromatic 
protons. The integration step height values indicate that 
these multiplets are due to two protons each_ The methylene 
protons of the ortho-methylol (-CH20H) group give rise to 
a resonance signal at 4-75ppm (equivalent to two protons). 
There is a suggestion of a small broad peak at 2·9ppm. arising 
-65-
from resonance of the pro torn in the hydroxyl groups. 
The addition of a few drops of deuterium oxide (D20) 
resulted in this signal disappearing because of the 
exchange of the hydroxyl proton by deuterium. The 
signal for H-O-D is at 3·97ppm. 
Mass spectrometry analysis (Table 9) indicates 
a molecular ion with a mle ratio of 124. 
peak is a fragmentation ion with mle 71. 
The base 
The break-
down pattern for NA 1.2 is the same as for 2-hydroxybenzyl 
alcohol (molecular weight 124) given in Table 4. This 
evidence, togetl!ter with .the fact that the Rf values 
(Table 9 and Table 6) and peak elution volumes are very 
similar, indicate that.NA 1.2 is 2-hydroxybenzyl alcohol. 
4.1.1.2. NA 1.3. 
The infra-red spectrum of the isolated compound 
NA 1.3 (Fig. 37) is very similar to that of 2-hydroxybenzyl 
alcohol except that the out-of-plane -CH deformation 
vibration is at 830cm- l . i.e. two adjacent ring hydrogen 
atoms Cl: 4 disubsti tution) (Table 2) with a weak band at 
-1 750cm . Comparison with the spectra of the other 'standard' 
compounds highlights the similarity of NA 1. 3 to that of 
4-hydroxybenzyl alcohol (Fig. 17, Table 3). Both show 
bands associated with -OH groups at 3,100, 1,220 and 1105cm-l 
respectively. The stretching modes of the semi-unsaturated 
carbon-carbon bonds occur at 1,610, 1600, 1510 and 1450cm- l . 
The band at 1510cm- l is characteristic of 1:4 substituted 
rings. 
In the N.M.R. spectrum (Fig. 37) the aromatic protons 
-66-
give rise to two sets of doublets, each equivalent to 
two protons. The signals at 7·23 and 7'13ppm are due 
to protons in the ring positions denoted H • 
a 
These 
protons are deshielded because of the presence of the 
electronegative oxygen atom of the phenolic hydroxyl 
group. This causes the protons to resonate at a lower 
frequency than those in the ring positions denoted Hb . 
These latter protons ex?ibit resonance signals at 6'71 
and 6' Slppm. 
The methylene protons of the para methylol (-CH2 0H) group 
give a signal at 4.50ppm. equivalent to two protons. . The 
peak at 2.9ppm (hydroxyl protons) disappeared after the 
D20 exchange procedure. 
as that given in Fig. 25. 
The overall spectrum is the same 
Mass·spectrometryanalysis (Table 9) indicates a 
molecular ion with a mle ratio of 124. This is also the 
base peak. Important fragmentation ions are seen as m/e 
values of 107, 95 and 77 but not at 71 as in the case of 
NA 1. 2. This breakdown pattern is similar to that for 
4-hydroxybenzyl alcohol (molecular weight 124) given in 
Table 4. Rf. values and peak elution volumes are 0.51 
and 72'S ml. respectively for both 'standard' compound 
(Table 6) and unknown (Table 9). 
-67-
4.1.1.3. NA 1.4. 
The analysis data determined for the isolated compound 
NA 1. 4 indicates that it is 2,6 dihydroxybenzyl alcohol. 
The infra-red spectrum is given in Fig. 38 and can be 
compared with that of the 'standard' compound (Fig.18, 
Table 3). The out-of-plane -CH deformation vibration 
-1 is at 785cm. i.e. three adjacent ring hydrogen atoms 
(1: 2: 3 substitution) (Table 2). The band at 1010cm -1 is 
due to the aliphatic hydroxyl groups i.e. -CH 2 0H. 
The phenolic hydroxyl bands are at 1060, 1210 and 3300cm- l . 
The N.M.R. spectrum (Fig. 38) shows a doublet 
(equivalent to 2 protons) and a triplet (equiva~nt to 
one proton) in the aromatic proton region. The resonance 
signals at 7·20 and 7·11ppm. are due to the protons in ring 
positions Ha and those at 6·88, 6·80 and 6·69ppm to Hb • 
The methylene> protons of the ortho me.thylol (-CH20H) 
groups give a single peak at 4·80ppm (equivalent to 4 
protons) . 
The overall spectrum is the same as that given in Fig. 26. 
Mass spectrometry analysis (Table 9) indicates a 
molecular ion with a mle ratio of 154. and a base peak 
of 135. The breakdown pattern of NA 1.4 is the same as 
for 2,6 dihydroxybenzyl alcohol (molecular weight 154) 
-68-
with important fragmentation ions at m/e values 135/136, 
108/107 and 77/79. Rf. values and peak elution volumes 
are 0·43 and 71·5 ml. respectively for both the 'standard' 
compound (Table 6) and unknown (Table 9). 
4.1.1.4. NA 1.5. 
The analysis data obtained for the isolated compound 
NA 1.5 indicates that it is 2,4 dihydroxybenzyl alcohol. 
The infra-red spectra (Fig. 39 and Fig. 19) show that 
the out-of-plane -CH deformation vibration is at 835cm- l 
i. e. two adjacent ring hydrogen atoms (1: 2:4 substitution). 
The band at 990cm- l is due to the aliphatic hydroxyl groups 
. -1 i.e. -CH2 0H and those at 1110, 1265 and 3250cm to the 
phenolic hydroxyl group. 
In the N.M.R. spectrum (Fig. 39) there are two 
multiplets in the aromatic proton region. The first 
(equi valen'.: to two protons) has peaks at 7· 26, 7·2 ° and 
7·10ppm. The second (equivalent to one proton) has 
peaks at 6·S3, 6·72 and 6·69ppm. The methylene protons 
of the ortho -CH 20H group give a signal at 4·77ppm 
(equivalent to two protons) and the para- CH20H group 
at 4· 55ppm. (equivalent to two protons). The overall 
spectrum is the same as that given in Fig. 27 . 
. Mass spectrometry analysis (Table 9) gives am/e 
value for the molecular ion of 154 wi-th a base peak at 
m . 
/e value 107. The breakdown pattern for NA 1.5 is very 
similar to that of the' standard' compound 2,4 dihydroxy-
benzyl alcohol and also show many fragment ions of the 
same m/e values as NA 1.4. 
-69-
4.1.1.5. NA 1.6. 
Analysis data obtained for the isolated compound 
NA 1.6 indicates that it is 2,4,6 trihydroxybenzyl 
alcohol. The infra-red spectra (Fig. 20 and 40) show 
a sharp band corresponding to the out-of-plane -CH 
deformation vibration at 885cm- l Le. isolated ring 
hydrogen atoms (1:2:3:5 substitution) (Table 3). The 
band at 1025cm- l is due to the aliphatic hydroxyl groups 
-1 i.e. -CH 20H and those at 1150, 1220 and 3250cm to the 
phenolic hydroxyl group. 
In the N.M.R. spectra of NA 1.6 (Fig. 40) and that 
of the corresponding standard compound (Fig. 28) there 
is a single peak at 7·08ppm in the aromatic proton region 
(equi~alent to two protons). The methylene protons of 
the two ortho -CH20H groups give a signal at-4·71pprn 
(equivalent to four protons) and the para -CH2 0H group 
at 4·48pprn (equivalent to two protons). 
Mass spectrometry analysis indicates a molecularDn 
with a mle ratio value of 184 and a base peak of mle 110. 
The fragmentation pattern for NA 1.6 is very similar to 
that for the standard compound 2,4,6 trihydroxybenzyl 
alcohol, and is much more complicated than for the other 
single ring 'standard" compounds. 
4 . 1. 1. 6 . NA 2. 1. 
This compound was only present in the synthesized 
resin in very small amounts (approximately 2-3%) and so 
a number of T.L.C. plate sample separations were required 
in order to isolate enough of the compound for further 
-70-
analysis to be carried out. 
The infra-red spectrum is given in Fig. 42. The 
-1 
strong band centred on 3350cm is due to OH stretching 
frequencies. The bands between 1650cm-l and 1450cm-l 
are due to skeletal stretching modes of the semi-unsaturated 
carbon-carbon bonds (i.e. 1615, 1600, 1510, 1485 and 
-1 1450cm .). The strong band at 1230cm- l is due to 
phenolic -OH bending. The band at 1020cm- l is due to 
the aliphatic hydroxyl groups i.e. -CH 20H. The band 
at 830cm- l is due to out-of-plane -CH deformation vibrations 
involving either 1:4 or 1:2:4 substitution. The band at 
890cm- l . is characteristic of 1:2:3:5 substitution. 
Using mass spectrometry analysis, the molecular ion 
m 
was determined at a value of le 260 and the base peak 
at 71 (Table 11). The fragmentation pattern was a very 
complicated one with a prominent peak at m/e value 107. 
The N.M.R. spectrum is given in Fig. 42. A multiplet 
was detected in the aromatic region centred at 6·9ppm. 
equivalent to six protons with peaks at 6·97, 6·75 and 
6·68ppm. There was a signal at 4·72ppm (equivalent to 
four protons) and one at 3·75ppm. (equivalent to two 
protons) . By reference to the analysis data of the 
standard compounds the structure of NA 2.1 was deduced as 
.o·'tf 
HO CH2 OH 
HOH2C He Hb H a 
-71-
i.e. the condensation of 2,4,6 trihydroxybenzyl alcohol(IV) 
and 4-hydroxybenzyl alcohol via a para-para' methylene 
bridge linkage. 
The evidence on which this deduction was made is 
as follows. First, the molecular ion mle value indicated 
a molecular weight of 260. Infra-red analysis showed 
the presence of a band at 890cm- l indicative of 1:2:3:5 
substitution i.e. similar to that for VI and one at 
830cm- l indicative of 1:4 substitution i.e. similar to 
that for III. secondly, N.M.R. analysis suggested six 
aromatic protons. Protons in positions R are the least 
a 
shielded of the three sets because of the induc.tive effect 
caused by the presence of the neighbouring electronegative 
oxyge~ atom in the phenolic hydroxyl group. For bis 
'-0":- ~~, .... 
(4-hydroxydiphenyl) methane (Table 5, Fig. 29) protons 
in these positions resonate at 7·01 and 6·92ppm. The 
protons in positions Rb resonate at 6·75 and 6·65ppm. 
for the 'standard compound. The signal at 4·72ppm. is 
due to the methylene protons of the two ortho methylol 
These protons resonate at 4·71ppm. 
in VI. The signal at 3·75ppm. is due to methylene protons 
in a methylene bridge linkage (equivalent to two protons) • 
This linkage is para-para' with respect to the phenolic 
hydroxyl groups since the resonance peak is at the same 
chemical shift as for the linkage in bis (4-hydroxydiphenyl) 
methane. The N.M.R. spectrum shows no evidence for free 
para-methylol groups or ether linkages. 
Additional evidence supporting the structure postulated 
-72-
comes from·T.L.C. and G.P.C. anal.ysis. The Rf. value 
obtained using the 95% ethyl acetate/5% methanol solvent 
system was 0'89, the highest figure for any of the 
double ring compounds isolated from the three catalyst 
syntheses. The separation on the T.L.C. plate appears 
to be dependent on the number and position of free 
methylol groups in the molecule. From the use of the 
standard compounds it was found that, in general, the 
more methylol groups present in the molecule the lower 
the Rf. value and para-methylol group containing 
molecules have lower Rf. than those with ortho groups. 
Thus, it would be expected that a compound with two 
methylol groups, both ortho and on the same phenolic 
ring ~ould have a high Rf. value. Similarly, such a 
compound would be expected· to have molecular dimensions 
slightly greater than bis (4-hydroxydiphenyl) methane 
o 
(22'OA) and so have a slightly lower peak elution 
volume in the analytical G.P.C. separation. The 
respective volumes are 63'5 ml. and 66'3 ml. 
4.1.1.7. N~ 2.2. 
Th~ infra-red spectrum is given in Fig. 43. The 
-1 OH stretching frequency band is at 3380cm and the 
-1 phenolic -OH bending band at 1240cm.. The skeletal 
stretching modes of the semi-unsaturated carbon-carbon 
bonds are situated at 1615, 1518 and 1485cm- l . The 
band at 1020cm-l is due to aliphatic hydroxyl groups. 
The band at 830cm- l is due to the out-of-plane -CH 
-73-
deformation vibrations involving either 1:4 or 1:2:4 
substitution. 
Using mass spectrometry analysis, the molecular 
ion was determined at a mle value of 260 and the base 
peak at m/e 71. (Table 11). A fragmentation ion of 
almost equal abundance to the base peak was detected 
at mle value 107. The general fragmentation pattern 
and relative abundance of these ions were very similar 
to those for NA 2.1. The N.M.R. spectrum is given in 
Fig. 43. The aromatic protons give rise to two 
multiplets, one with peaks at 6·96 and 7·06ppm 
(equivalent to four protons) and the other at 6·75 and 
6·67ppm. (equivalent to two protons). There is a 
signal at 4·71ppm (equivalent to four protons) and one 
'~-~,:. 
at 3·78ppm (equivalent to two protons). By reference 
to the analysis of the 'standard' compounds the 
structure of NA 2.2. was postulated as 
HO----{' >--___ OH 
i.e. the self-condensation of 2,4 dihydroxybenzyl alcohol(V) 
via a para-para' methylene bridge linkage. 
The evidence for this structure is as follows. Mass 
spectrometry analysis indicated that the molecular weight 
-74-
of the compound was 260. Infra-red analysis showed 
the presence of a band at 830cm- l indicative of either 
1:4 or 1:2:4 substitution but no band at 890cm-1 as 
for NA 2.1. The N.M.R. spectrum revealed six aromatic 
protons in two multiplets (4:2) with peaks at 6·96/7·06ppm· 
and 6·75/6·67ppm respectively. The protons in aromatic 
ring positions Ha are the least shielded because of the 
influence of the adjacent hydroxyl groups. For bis 
(4-hydroxydiphenyl) methane these protons resonate at 
7·01 and 6·92ppm. The Hb aromatic protons resonate at 
6·75 and 6·65ppm in this standard compound. The Hc 
aromatic protons in VI resonate at 7·08ppm. The signal 
at 4·71ppm is due to the methylene protons of the two 
ortho-methylol groups. (equivalent to four protons) . 
This peak remains a singlet following a D20 exchange 
indicating that both methy~ol groups are in the same 
electronic environment. The signal at 3·78ppm. is due 
to methylene protons in a methylene bridge linkage which 
is para-para' to the phenolic hydroxyl groups. There is 
no evidence for free para-methylol groups. The peak 
centred at 2·85ppm. is probably due to the protons of 
the hydroxyl groups since it disappeared after the D20 
exchange procedure. 
Fig. 44 shows the effect on the N.M.R. spectrum of 
NA 2.2. of adding the shift reagent Eu(fod)3. It was 
used in this case to separate the over-lapping peaks of 
methylene protons in methylol groups and those, if present, 
in ether linkages. From the spectra it can be seen that 
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the signal corresponding to the hydroxyl protons under-
goes the largest chemical shift and becomes much broader. 
The shift is from 2'S5 to 5·S0ppm. The peak 
corresponding to the protons in the ortho-methylol groups 
is shifted from 4'71ppm to 5·28ppm, but still remains 
as a singlet i.e. there is no over-lapping peak 
corresponding to protons in an eth~r linkage. In the 
aromatic region there is a shift of one peak from 6'95ppm 
to 7·28ppm. This may be due to the protons Ha being 
further deshielded by the influence of the shift reagent 
on the adjacent hydroxyl group. 
4.1.1.8. NA 2.3. 
ThE infra-red spectrum is given in Fig. 45. The OH 
stretching frequency band is at 
-1 
":f 3350 cm .. and the phenolic 
-OH bending band at 1240 cm The skeletal stretching 
modes of the semi-saturated carbon-carbon bonds are 
situated at 1620, 1518 and 1485 cm-I. The peak at 1020 
is due toaliphatic hydroxyl groups i.e. -CH20H. and that 
at 1060 ciu"!. to phenolic OH. The band at 830 cm-I. is 
-1 
cm. 
due to the out-of-plane -CH deformation vibrations involving 
either 1:4 or 1:2:4 aromatic substitution. 
Mass spectrometry analysis of this compound did not 
give any sensible results. As the source temperature was 
increased from 100°C to 280°C it was found that polymer-
sation occurred before any meaningful fragmentation 
pattern was observed. This resulted in the largest 
molecular ions detected as having mle values in the region 
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500-600. This type of problem was encountered with several 
other separated compounds (see later) under a variety of 
operating conditions. 
The N.M.R. spectrum is given in Fig. 45. The aromatic 
protons give rise to a multiplet (equivalent to six 
protons) . The methylene protons of the methylol groups 
(equivalent to four protons). give signals at two slightly 
different positions i.e. 4·77 and 4·70ppm. (ratio height 
1: 2) • There is no signal ,equivalent to methylene protons 
present in free para-methylol groups. The methylene protons . 
in the methylene bridge linkage (equivalent to two protons) 
resonate at 3·85ppm. The peak centred at 2·80ppm. is 
probably due to the protons of the hydroxyl groups but there 
appears to be some hydroxyl proton resonance centred at 3·80pprn. 
,.,.-:,,~ .. 
sinc~ the intensity of this peak is considerably reduced by 
the D2 0 exchange procedure. 
Overall, the evidence for the postulation of the 
structure of this compound is not so clear-cut as for many 
of the other compounds. The structure is considered to be 
H HO 
HO CH-r---{ }--H 
H 
H H 
i.e. the product of the condensation of 2,4 dihydroxybenzyl 
alcohol (V) and 2,6 dihydroxybenzyl alcohol(IV) via an 
ortho-para' methylene bridge. This deduction is based on 
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the following observations. First, each aromatic 
proton is in a slightly different elfftronic environment 
to any other and so this could explain why no definite 
peaks are seen in the aromatic region. Secondly, two 
signals are seen at 4'77 and 4·70ppm. because though 
both methylol groups are ortho with respect to the 
hydroxyl groups, these hydroxyl groups are on different 
positions of the aromatic rings with respect to the 
methylene bridge linkage. These signals remain at the 
same positions after the D20 exchange procedure. 
Thirdly, the methylene protons in the methylene bridge 
linkage give rise to a peak at 3'72 ppm rather than at 
3' 77ppm. for the para-para' linkage. This peak could 
be due to either an ortho-para' or ortho-ortho' linkage 
but if the latter case was true there would be evidence 
of a peak corresponding to methylene protons of a free 
para-methylolgroup present originating from the V 
comflound. Similarly, if the compound was a self-
condensation of the V compound via an ortho-para' or 
ortho-ortho' linkage there would be evidence of signals 
in the N.M.R. spectrum corresponding to para methylol 
groups. Finally, the 830 cm- l band in the infra-red 
spectrum (1:2:4 substitution) el±minates the possibility 
of NA 2.3 being the ortho-ortho' methylene bridge linked 
IV compound or the ortho-para' methylene bridge linked 
product formed in the condensation of the VI compound and 
IV compound. 
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4.1.1.9 NA.2.4. 
The infra-red spectrum of this compound is given 
in Fig. 46. The OH stretching band is at 3,400 cm- l 
and the phenolic -OH bending band centred at 1230 cm-I. 
The skeletal stretching modes are situated at 1620, 
-1 -1 1520/1510, 1490 and 1450 cm. The peak at 1030 cm 
is due to aliphatic hydroxyl groups. -1 The band at 830cm 
is due to the out-of-phane -CH deformation vibrations 
involving either 1:4 or 1:2:4 substitution and the band 
at 890 cm- l to 1:2:3:5 substitution. 
Mass spectrometry analysis (Table 11) gave the . 
molecular ion of this compound as having a m/e value of 
290 with a base peak of m/e value 71. The fragmentation 
pattern shows a large nwnber of ions including one having 
a high relative abundance at m/e value 107. The N.M.R. 
spectrum is given in Fig. 46. The aromatic protons give 
rise to a multiplet centred at 6·85ppm. (peaks at 7·05, 
6·95, 6·72 and 6·65 ppm~) equivalent to five protons. 
A peak at 4·72ppm (equivalent to six protons) was split 
into two (4~70 and 4·65ppm) in the ratio of signal 
intensities 2:1 (4 protons: 2 protons) by the D20 exchange 
procedure. .The methylene protons in the methylene bridge 
linkage (equivalent to two protons) resonate at 3·77ppm. 
There is no evidence of a signal corresponding to methylene 
protons in para-methylol groups. 
By reference to the standard compound analysis data 
the structure of NA 2.4 was postulated as 
, 
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H H 
HO OH 
HOHLC H 
i.e. the product of the condensation of the VI compound 
and IV compound via a para-para' methylene bridge linkage. 
This deduction is based on the following observations. 
First, the molecular weight was determined as 290. 
Infra-red analysis shows evidence for both 1:2:3:5 
substitution (890 cm-I) and 1:4 or 1:2:4 substitution 
-1 (830cm). Secondly, the signal at 4'72ppm is-due to 
the methylene protons of the three ortho-mehtylol groups. 
The splitting of the signal i.~~9 two (ra~io 2:1) at 
4'70ppm and 4·65ppm. is probably due to the fact that, 
though the methylol groups are all ortho with respect to 
the hydroxyl groups, there are two in one aromatic ring 
and one in the other. Thus the electronic environment 
of the protons in the double methylol groups is slightly 
different from that of those in the single methylol group. 
This difference in resonance position for single and double 
ortho-methylol groups has already been observed in the 
standard compounds i.e. 2,6 dihyroxybenzyl alcohol (4'30ppm) 
and 2-hydroxybenzyl alcohol (4·75ppm). The presence of 
deuterium rather than hydrogen in the hydroxyl part of 
the methylol groups is enough to reveal two signals rather 
than the single one seen initially. The signal at 3'77ppm 
is due to the methylene protons in the para-para' methylene 
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bridge linkage. 
Fig.47.showsthe effect on the N.M.R. spectrum of 
NA 2.4 of the addition of the shift reagent Eu(fod)3. 
Again, as for NA 2.2., the hydroxyl peak 
undergoes the largest chemical shift (2·88 ~ 5·55ppm) 
and becomes broader. The interesting feature for this 
addition is that the signal corresponding to the protons 
in the ortho-methylol groups is split in the same manner 
as for theD 20 exchange giving peaks at 5.05 and 5·18ppm 
after the third addition of shift reagent. There is no 
evidence of a signal corresponding to an ether linkage. 
4.1.1.10. NA 2.5. 
The infra-red spectrum of this compound is given 
in Fig. 48. The OH stretchi'~g' frequency band is a 
-- ' 
-1 3350 cm and the phenolic -OH bending band centred at 
1220 cm- l The skeletal stretching modes are situated 
at 1610 cm- l and 1485 cm-I. The band at 1020 cm- l is 
due to aliphatic hydroxyl groups i.e. -CH20H (methylol). 
-1 The band at 890 cm. is due to the out-of-plane -CH 
deformation vibrations involving 1:2:3:5 substitution. 
Mass spectrometry analysis of this compound posed the 
same problems as for NA. 2.3. Raising the source 
temperature from 190°C up to 280°C. did not reveal any 
peaks in the expected range. Apparent molecular ion 
mle values of 97,281,267 and 169 were obtained uSing the 
same sample under identical operating conditions with. no 
comprehensible fragmentation pattern observed. No real 
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explanation can be put forward for this behaviour except 
to comment that, because these compounds are highly reactive 
and heat sensitive, reactions may occur in the heated source 
before the fragmentation occurs. The N.M.R. spectrum is 
shown in Fig. 48. The aromatic protons give rise to a 
single peak (equivalent to four protons) at 6·95ppm. 
There is also a resonance signal at 4·70ppm (equivalent 
to eight protons) and one at 3·77ppm (equivalent to two 
protons). 
In spite of the fact that no molecular ion m/e value 
was determined the structural evidence is consistent with 
only one compound. 
HO~C H H 
H OH 
i.e. the product of the self-condensation of the VI compound 
via a para-para' methylene bridge linkage. 
The band at 890 cm- l in the infra-red spectrum is 
characterstic of 1:2:3:5 substitution. Also, since there 
is only a single signal in the aromatic region of the N.M.R. 
spectrum, all the aromatic protons must be in the same 
electronic environment and hence resonate at the same 
chemical shift value. The peak at 4·70ppm is due to the 
methylene protons of the four ortho-methylol groups. D20 
exchange causes no splitting of the signal indicating that 
these protons are all in the same electronic environment. 
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The peak at 3'77ppm is due to the methylene protons of 
a methylene bridge linkage which is para-para' with 
respect to the phenolic hydroxyl groups. There is no 
evidence for the presence of para-methylol groups in 
the compound. Fig. 49. shows the effect on the N.M.R. 
spectrum of adding the shift reagent Eu(fod)3' 
There is no evidence of an ether linkage in this compound. 
4.1.1.11. Summary of Isolated Compounds. 
Using the separation techniques of preparative gel 
permeation chromatography and thin layer chromatography 
it has been possible to isolate and identify a number of 
compounds present in a sodium hydroxide catalysed resin. 
As a reference in considering the preferred reaction 
pathway (see 4.1.2.) of this catalysed system the identity 
of the isolated compounds is given below in tabulated 
fo~m (Table 18). • 
There has been no observation of the existence of 
dihydroxydiphenylmethanes (DPMs) or double ring compounds 
containing one free methylol group in the resins prepared. 
Also, there is no evidence for ether-linked double ring 
compounds, ortho-ortho' methylene bridge linked double ring 
compounds or similar compounds containing free para-methylol 
groups. 
-83-
I 
cc 
... 
I 
Ref. No. 
NA 1.1 (I) 
NA 1.2 (II) 
NA 1.3 (Ill) 
NA 1.4 (IV) 
NA 1.5 (V) 
NA 1.6 (VI) 
NA 2.1 (XIX) 
NA 2.2 (XVII) 
. NA 2. 3 ( XVI) 
NA 2. 4 ( XVI II ) 
NA 2.5 (XX) 
TABLE 18 
Name Chemical Formula 
Phenol C.Hs·OH 
2-Hydroxybenzyl alcohol. HO' C, H~' C Ho. OH 
4-Hydroxybenzyl alcohol. HO' C.H+-·CI-l .. O I-l 
2,6-0ihydroxybenzyl alcohol.. HO'C,I).(CH .. OI-l) .. 
2,4 Oihydroxybenzyl alcohol. HO, C,H,,' (c H" OH)" 
2,4,6 Trihydroxybenzyl alcohol. HO·C6Hi(CI-l~OH)3 
HOHUC H ~~OH 
~o \. ;} C~ ~ ;} H 
H I-l H 
4.1.2. Preferred Reaction Pathways for the Sodium 
Hydroxide Catalysed Resins. 
The preferred pathways for the sodium hydroxide 
catalysed resins can be considered by reference to 
the reaction scheme shown below which lists the possible 
pathways in the light of the observations discussed in 4.1.1. 
H 
H~ 
~I 
H 
X VI 
(NAZ.3) 
XIX 
(NAZ.1) 
XX 
(NAZ.5) 
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XVII 
(NAZ. Z) 
The initial reaction between phenol and formaldehyde 
results in the formation of ortho-(II) and para-hydroxy-
32 
benzyl alcohol(III). In Freeman's mathematical treatment, 
using sodium hydroxide as catalyst, these reactions were 
assumed to be second order 
Rate = K[p8)[F) (38 ) 
where pS denotes phenoxide anion and F unreacted formalde-
37 
hyde. This assumption was later confirmed by Zavitsas 
in his more rigourous treatment of the same reactions. 
Considering the G.P.C. chromatograms in Fig.31 
and the corresponding quantitative data on the amounts of 
single ring compounds present (Fig 41 and Table 10). it 
can be seen that after 15 minutes in the second water bath 
at SO°C the free phenol content is approximately 14%. The. 
amounts of II and III are 20·0 and 11·0% respectively 
(i.e. approx. ratio 1·8:1). The amounts of 2,6(IV) and 
2,4(V) dihydroxybenzyl alcohol are 10·0% and IS.0% 
respectively (i.e. approx. ratio l:l·S). The 2,4,6 (VI) 
trihydroxybenzyl alcohol constitutes 22% of the resin 
whilst the amount of double and triple ring compounds is 
only approximately 5%. Freeman concluded from his studies 
that, in the phenol nucleus,· the para position has a slightly 
greater affinity for formaldehyde addition than the ortho 
position. However, since two ortho positions are available 
in practise he found that II is produced at a more rapid 
rate than III, the ratio of ortho to para isomer being 1·7/1. 
This figure is very close to that calculated for the resin 
synthesis considered in this work. (1·8/1). 
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Since the methylol group is electron attracting, 
hence rieta directing and ring de-acti va ting, introduction 
of this group into the phenolic nucleus should result in 
a decrease in reactivity of the nucleus towards 
formaldehyde. Freeman found that the observed decrease 
is appreciably greater than would be expected from the 
loss of one available position i.e. III is slightly less 
than one half as reactive as phenol, though it has two-
thirds the number of available positions. In contrast 
Zavitsas found that para-methylol substitution had little 
effect on the reactivity of the remaining positions of 
phenol. 
If the methylol group is present in the ortho position 
in relation to the phenolic hydroxyl group both Freeman 
and Zavitsas found that the expected de-activating effect 
is not observed. Freeman observed that 11 is found to 
be twice as reactive as III with" respect to either position 
and is of almost equal reactivity to phenol though it has 
one less available position. This increased reactivitiy 
is due to strong intramolecular hydrogen bonding between 
the ortho-methylol and phenolic hydroxyl group which 
evidently enhances the partial negative change density on 
the remaining ortho and para positions. 
By considering the changes occurring in the resin 
synthesis when the reaction time increases from 15 to 30 
minutes, evidence for the enhanced reactivity of II in 
respect to III can be seen. At 30 minutes the free phenol 
content has decreased to 10% since no DPMs were detected 
• 
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from T.L.C. analysis, etc. the phenol would be consumed 
in reaction with fOrmaldehyde to give more 11 and Ill. 
These compounds in turn must react with further 
formaldehyde to give IV and V since there is no evidence 
for self-condensation of 11 or Ill, or their reaction 
with the IV or V compounds. Assuming a reactivity 
ratio 1·8:1 as before for the 15 minute sample, the 4·5% 
phenol decrease would ,result in the 11 and III content 
being 23·0% and 12·5% if no further reaction occurred. 
In fact the respective values are 13·0% and 8%"Le. 
, . 
decreases of 10% and 4·5%. These figures indicate that 
11 is more reactive than III in further reaction with 
formaldehyde. Since the IV content has apparently only 
decreased 3%, 11 has either been converted to V with 
;.-, .".; .... 
subsequent reaction to VI and double ring compounds or, 
if converted to the IV compound, has reacted on further 
to form VI or the double ring compound XVI (NA 2.3.'. 
Considering the reactivity of the dimethyolated 
phenols, Freeman found that IV is more reactive than Ill, 
though it has only one half the available nuclear positions, 
but is little more than half as reactive as 11. The IV 
compound was found to be a very reactive species in the 
system. The reason for this reactivity is not clear, 
particularly since a de-activation of the nucleus, due 
to inductive effects of the methylol groups, is to be 
expected. Hydrogen bonding is again considered to be 
important in an increased contribution from a resonance 
form of the phenolate ion in which as excess of negative 
-88~ 
charge resides in the para-position. 
O" ........ O···· .. ···7H 
e 
In the case of the resin syntheses considered in 
this work, the amount of the compound is low in comparison 
with the V compound. The ratio of 2,4/2,6 dihydroxy-
benzyl alcohol rises from 1·8/1 after 15 minutes to 2·6/1 
after 75 minutes. In the light of Freeman's results it 
is difficult to differentiate between the two situations 
that might cause a low amount of the IV compound to be 
present i.e. either the preferred reaction pathway is 
to produce V from· both 11 and III or that, though the 
.. 
IV compound is being continually formed it immediately 
reacts further. The main point seems to be that the 
IV compound is much more likely to undergo further reaction 
to form VI than react with V to "give XVI (NA 2.3). No 
other double ring compound involving the IV compound was 
detected. " 
The key compound in the synthesis appears to be the 
V compound since this can undergo self-condensation to 
give XVII (NA 2.2), react with VI to give XVIII (NA 2.4.) 
react with IV to give XVI (NA 2.3.) or react further with 
more formaldehyde to give VI which can then give XX (NA 2.5). 
In considering the evidence concerning polynuclear 
phenol formation some general conclusions from the literature 
can be given and compared with this catalysed synthesis. 
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First, self-condensation of methylol phenols is thought 
to be a much faster reaction than condensation with 
phenol. This was confirmed by the results of the analysis 
of double ring compounds since no compound involving 
condensation with phenol was detected. Secondly, para-
methylol phenols are more prone to self-condensation than 
ortho-methylol phenols and have a predominant tendency to 
condense with another methylol group rather than react with 
the nuclear positions on phenol or a methylol phenol. 
44 
Under basic conditions, para-para' condensation is much 
faster than the ortho-ortho' and ortho, para." condensations 
combined. 
For the sodium hydroxide catalysed syntheses these 
statements again are applicable. No double ring compound 
was isolated which involved condensation with a nuclear 
position on phenol or a methylol phenol. Two important 
double ring compounds XVII and XX involved self condensation 
via a para-para' linkage. Two others XIX and XVIII 
involved condensation via para-para' linkages. Only the 
one compound XVI was isolated which involved an ortho-para' 
linkage. No ortho-ortho' linked compounds were detected. 
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4.2. Bari~m Hydroxide Catalysed Resins. 
4.2.1.Identification of Compounds Present. 
4.2.1.1. Single Ring Compounds. 
Isolation and analysis of the single ring compounds 
present in the barium hydroxide catalysed resins showed 
that BA 1.1. to BA 1.6. were the same six compounds as 
occurred in the sodium hydroxide catalysed resin. The 
data obtained from the various analyses showed very good 
agreement with that determined for the standard compounds. 
The compounds with the appropriate coding are listed in 
the 'summary of isolated compounds' at the end of the 
section (4.2. 1. 6 . ) . 
4.2.1.2. BA 2.1. 
The infra-red spectrum of this isolated compound is 
--
given in Fig. 54. The position and intensity of the bands 
in the spectrum show only minor differences to that 
corresponding to NA 2.2. in the sodium hydroxide catalysed 
synthesis. The structure of this compound was deduced as 
H H 
H OH 
H H 
Le: the product of the seif-condensation of the V compound 
via a para-para' methylene bridge linkage. 
This comparison is further strengthened by both the 
mass spectrum ~able 14) and N.M.R. trace. (Fig. 5,0. The 
molecular ion was determined at a mle value of 260. The 
fragmentation pattern is very similar to that for NA 2.2. 
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with a base peak at mle value 71 and a very abundant 
peak at mle 107. The N.M.R. spectrum shows the same 
signals, both in p::ls i tion and intensity, to that of 
NA 2.2. In the spectrum the aromatic protons give 
rise to two multiplets, one with peaks at 7'OS and 6'9Sppm 
(equivalent to four protons) and the other at 6·76 and 
6'67ppm (equivalent to two protons). The methylene 
protons of the two ortho-methylol groups give a signal 
at 4'71ppm (equivalent. to four protons), which remains 
as a single peak following a D2 0 exchange. The methylene 
protons in the methylene bridge linkage (equivalent to 
two protons) show a peak at 3·78ppm i.e. para-para' linkage. 
The peak centred at 2.' 8Sppm (equivalent to four protons) 
is due to the protons of the alipha·tic and phenolic hydroxyl 
groups. The peak disappeared after theD20 exchange 
procedure. 
Overall, evidence from the infra-red, mass spectrometry 
and N.M.R. analysis agrees with the chemical structure 
postulated and the results from the analysis of NA 2.2. 
Further confirmation is provided by the fact that BA 2.1. 
and NA 2.2. have the same Rf values (0'S3) and peak G.P.C. 
elution volumes (62·Sml). 
4.2.1.3. BA 2.2. 
This isolated compound was only present in very small 
amounts in the resin synthesis and so presented some 
problems in isolation and identification. The infra-red 
spectrum is given in Fig. SS. The OH stretching frequency 
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band is at 3350 cm- l and the phenolic -OH bending band 
at 1240 cm- l The skeletal stretching modes of the 
semi-unsaturated carbon-carbon bonds are situated at 
1620, 1605, 1518, 1488 and 1465. -1 The band at 830 cm 
is due to the out-of-plane -CH deformation vibrations 
involving either 1:4 or 1:2:4 substitution. The 
aliphatic hydroxyl groups i.e. -CH 2-OH give bfu~ds at 
1040 cm- l and 1060 cm- l The spectrum is very similar 
to that of TEA 2.1. (Fig. 64) which was isolated in the 
tri-ethylamine catalysed synthesis (see 4.3.1.) both in 
band positions and intenSity. Comparison with the 
spectrum of NA 2.3 (Fig. 45) also shows many similarities 
except in the 1000-1100 cm- l region i.e. themethylol 
grouping. Unfortunately not enough pure material vIas 
isolated in order to carry out mass spectrometry or N.M.R. 
analysis but the Rf value was determined at 0·76 and the 
peak G.P.C. elution volume as 62·3ml. These figures 
are the same as for TEA 2.1. but slightly different to 
those of NA 2.3. (0·70 and 61·8ml). 
From the analysis data obtained for this compound 
several chemical structures can be postulated. Its Rf 
value and peak elution volume suggest that it is a product 
of condensation involving either 2,4 or 2,6 dihydroxybenzyl 
alcohol or a combination of the two. It is not the self-
condensation of the 2,6 compound since this would not give 
bands at 1510 cm- l and 830 cm- l in the infra-red spectrum. 
Thse bands are characteristic of 1: 2: 4 substi.tution. 
The possibilities are first, the product from the 
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condensation of 2,4 and 2,6 dihydroxybenzyl alcohol via 
an ortho-ortho' methylene bridge linkage. 
~-<OH 
H 
HOHzC H 
CH z 
H 
'>--<' 
H 
or secondly, the self-condensation of the 2,4 dihydroxy-
benzyl alcohol via either ortho-para' or ortho'-ortho' 
methylene bridge linkages. 
'3:tH OH HO=Ct-k.OH H 
H ~-) CH~- ;-IJ OH. or H 
J--<,. 
HOfiC/ H H· H HOfiC 
OH ~ /CH .. OH 
H CH,) f~H 
ortho-p,ara' 
., ... ~ .. 
o~tho-ortho' 
, 
The infra-red spectrum of BA 2.2 is closer to that 
of NA 2.3. than BA 2.1. but without N.M.R. evidence for 
the presence and number of para-methylol groups it is 
not possible to differentiate between the three possible 
structures unambiguously. On the evidence available 
BA 2.2. is likely to be the former compound i.e. the 
condensation of 2,4 and 2,6 dihydroxybenzyl alcohol via 
an ortho-ortho' methylene bridge linkage. 
4 • 2 • 1. 4 BA 2. 3. 
The infra-red spectrum of this isolated cOIT~ound is 
given in Fig. 56. The position and intensity of the bands 
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in this spectrum show only minor differences to that 
corresponding to NA 2.4. in the sodium hydroxide 
catalysed synthesis. The structure of this compound 
was deduced as 
r=~H H 
HO OH 
HO'1C H H 
i.e. the product of the condensation of the V compound 
and the VI compound via a para-para' methylene bridge 
linkage. 
This comparison is further strengthened by both the 
mass spectrum Table 14 and N.H.R. trace (Fig.· 56). The 
molecular ion was determined at a mle value of 290. The 
fragmentation pattern was very similar to that for NA 2.4 
with a base peak at mle value 71 and a very abundant peak 
at mle value 107. The N.H.R. spectrum (Fig. 56) is 
identical in both peak position and intensity to that of 
NA 2.4. The aromatic protons give rise to a multiplet 
centred at 6·S5ppm (peaks at 7·05, 6·95, 6·72 and 6·64ppm) 
equivalent to five protons. The methylene protons of 
the three ortho-methylol groups give a single peak at 
4·71ppm (equivalent to six protons). D 20 exchange results 
in this signal being split into two (4·70 and 4·65ppm) in 
the ratio 2:1 i.e. (four protons: 2 protons) in exactly 
the same way as for NA 2.4. The methylene protons in the 
methylene bridge linkage (equivalent to 2 protons) show a 
peak at 3·76ppm i.e. para-para' linkage. There is no 
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evidence for para-methylol groups or ether linkages. 
Overall, evidence from the infra-red, mass 
spectrometry and N.M.R. analysis agree with the chemical 
structure postulated and the results from the analysis 
of NA 2.4. Further confirmation is provided by the fact 
that BA 2.3. and NA 2.4. have the same Rf values (0·62) 
and peak G.P.C. elution volumes (60·8ml). 
4.2.1.5. BA 2.4. 
This is the major product of the double ring-
compounds isolated from the barium hydroxide catalysed 
synthesis. The infra-red spectrum is given in Fig. 57 
The OH stretching frequency band is at 3300 cm- l and 
the phenolic -OH bending band centred at 1210 cm-I. The 
'.;" 
skeletal stretching modes are situated at 1610 and 1480 cm- l 
The band at 1020 cm- l is due to aliphatic hydroxyl groups 
There is a very sharp, intense band at 880 cm- l 
indicative of the out-of-plane CH deformation vibrations 
involving 1:2:3:5 substitution. There is also a very 
sharp intense band at 1070 cm- l which is indicative of an 
ether linkage. There is no band at 830 cm",l o~ 1518 cm- l • 
(1:2:4 substitution). 
No satisfactory mass spectrum was obtained for th~s 
compound. Similar behaviour to that already mentioned 
concerning NA 2.5. was encountered. The N.M.R. spectrum 
is given in Fig. 57. There appears to be a small amount 
of the compound BA 2.5. present in this particular sample 
as impurity which gives peaks at 6·95 and 3·77ppm and a 
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shoulder at 4·70ppm. The aromatic protons give rise to 
a peak at 7·10ppm (equivalent to four protons). There 
is also a peak at 4·75ppm (equivalent to eight protons) 
and a peak at 4·50ppm (equivalent to four protons). 
The structure of this compound is postulated as 
OH j1H CH",OH 
CH.t.-O- CHz ~ /; H 
'H HO CH",OH 
i.e. the prqduct formed from the condensation of the VI 
compound via an ortho-ortho' ether bridge linkage. 
This· deduction is based on the following observations. 
·Since the Rf value of this compound is between that of 
BA L.3 and BA 2.5., it is likely to contain either three 
or four methylol groups. A condensation involving 2,4 
dihydroxybenzyl alcohol is ruled out i.e. similar to 
BA 2.3 since there are no absorption bands at 830 cm- l 
-1 
or 1518 cm in the infra-red spectrum. In fact the 
spectrum·is very similar to BA 2.5. except that the band 
at 880 cm- l is much sharper and intense. i.e. more 
similar to that of 2,4,6 trihydroxybenzyl alcohol itself. 
The N.M.R. spectrum indicates four aromatic protons at 
a resonance signal of 7·10ppm. This is close to the 
chemical shift in the VI compound (7·12ppm) but downfie~d 
of that for BA 2.5. (6·97ppm). This suggests that the 
para-methylol groups are not involved in the linkage. 
This is confirmed by the resonance signal at 4·50ppm 
equivalent to four protons which is due to methylene protons 
in. two para-methylol groups. The peak at 4·75ppm is 
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indicative of protons in single ortho-methylol groups 
but the integration is equivalent to eight protons. 
l'lagner and Greff 74 prepared a barium hydroxide catalysed 
resin with a mole ratio phenol/formaldehyde of 1/1'8 
at a reaction temperature of 95°C. The N.M.R. spectrum 
of this synthesized resin showed a prominent peak at 
4'68ppm which was assigned to ortho-ortho' ether bridge 
linkages and a side peak at 4'72ppm involving resonance 
of the methylene protons in ortho-methylol groups. The 
spectrum of BA 2.4 seems to show a similar over-lap of 
peaks at 4·75ppm. An attempt was made to clarify the 
situation by addition of the shift reagent Eu(fod)3' 
(Fig 58). It can be seen that, on the third addition 
of the reagent the signal corresponding to the protons 
... ~. ·1;:::· 
of the ether linkage (-CH 2-O-CH 2') at 5.20 ppm are 
separated-'from the signal corresonding to the proton 
'in the ortho-methylol groups. (-CH20H) at 5'05 ppm. 
4.2.1.6. BA 2.5. 
" , 
The "infra-red spectrum of isolated compound BA 2.5. 
is given in Fig. 59. The position and intensity of the 
bands in this spectrum show only very slight differences 
in resolution to that corresponding to NA 2.5. 
c~ OH 
HOH~C H H 
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~ESS spectrometry analysis of this compound gave a 
similar behaviour to that of NA 2.5. i.e. that no 
reproducible fragmentation pattern could be determined. 
The N.M.R. spectrum (Fig. 59) is identical in both peak 
position and intensity to that of NA 2.5. The Rf value 
and peak G.P.C. elution volume is the same as for NA 2.5. 
i.e. 0·41 and 5a·aml. respectively. 
4.2.1.7. Summary of Isolated Compounds. 
Using the separation techniques of preparative 
G.P.C. and T.L.C. it has been possible to isolate and 
identify a number of compounds present in a barium 
hydroxide catalysed resin. As a reference in considering 
the preferred reaction pathway (see 4.2.2.) of this 
ca talysed system the identity of the isolated cornpou"nds 
, 
is given below in tabulated form. (Table 19 ). 
-99-
TABLE 19 
Ref.No Name Formula 
BA 1.1. (I) Phenol 6 ~, ~I.' 
BA 1.2. (Il) 2-Hydroxybenzyl alcohol 
BA 1.3. (Ill) 4-Hydroxybenzyl alcohol 
~,.;, ,.,,";. 
--
BA 1. 4. (IV) 2,6 Dihydroxybenzyl alcohol 
BA 1.5. (V) 2,4 Dihydroxybenzyl alcohol 
OH 
BA 1.6. (VI) 2,4,6 Trihydroxybenzyl alcohol HO~C ~ CH~OH 
-100-
.....-:. -- . 
i 
TABLE 19 Continued ... 
Ref. No. 
BA 2. 1. (XVII) 
BA 2. 2 • (XXI) 
~ hC~OH HyCH~y'_' H 
~c H HO H 
BA 2.3. (XVIII) 
BA 2. 4. (XXII) 
BA 2.5. (XX) :D-tJeC H n=CH..oH f , CH f OH " - -HCl-j.C H H CH OH 
:r. 
There has been no observation of the existence of 
dihydroxydiphenyl methanes (DPMs) or double ring compounds 
containing one free methylol group in the resins prepared. 
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4.2.2. Preferred Reaction Pathway For The Barium 
Hydroxide Catalysed Resin. 
The preferred pathways for the barium hydroxide 
catalysed resins can be considered by reference to the 
reaction scheme shown below which tests the possible 
pathways in the light of the observations discussed 
in 4.2.1. 
H0tJ..C 
H 
° 
H 
XXII 
(BA2.4) 
OH 
/~~ 
H OH 
HO~ ~ ~ 
§' I ~ OH 
C~OH I 
III H ~ 
1 +v~ CH" H 
" 1 
,,/ ~H ~ CH,.G1-I HYCH .. OH OO'f 0 "'" 
~ / '~OH 
OH 
XV" 
(BA2.1l 
.. I V HOI1C ~ . CH,;0H V 
I~ ~OH ::? }'H KH OH 
. VI - £y: 
. . ROII"C H H CH .. OH 
+VI 
XV 11 I 
H f 'CH f , OH 
" 
- --
H0Ij,C H H CIiOH 
XX 
( BA 2.5) 
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BA 2.2. has not been considered in this scheme 
because first, its structure is still not completely certain 
and secondly, it constitutes only a very minor component 
in the total resin. (~ 3%). 
Considering the G.P.C. chromatograms (Fig.50) and 
the corresponding quantitative data on the amounts of 
single ring compounds present (Fig 53 and Table 13) it can 
be seen that, at zero time (i.e. imrne.diately prior to 
transfer to the second bath at 80°C) the free phenol 
content is approximately 17%. The amounts of 11 and III 
are 12·0% and 7·0% respectively (i.e. approximate:.ratio 
1·7/1). This ratio is close to that obtained for the 
sodium hydroxide catalysed synthesis and to Freeman's 
observations already mentioned. The amounts of IV and V 
,., ... ~-.' 
are 8·0% and 14·3% (i.e. approximate ratio 1/1·8). This 
ratio is again similar to that for the sodium hydroxide 
catlysed resin. VI constitutes 30% of the resin whilst 
the amount of double and triple rings is approximately 10%. 
The increased amount of VI and double ring compounds is the 
barium hydroxide catalysed resin is reflected in the 
viscosity (Fig.33) value of the sample. At zero time 
the viscosity value is approximately 18 poise, whilst for 
the sodium hydroxide catalysed resin it is 7 poise. 
~fter 15 minutes, the phenol content is reduced to 
approximately 14% (similar to that for the sodium hydroxide 
catalysed resins) with 11 and III being at 8·5 and 6·2% 
respectively. These latter amounts are much lower than 
for the previous catalyst (20·0 and 11·0% respectively). 
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IV and V amounts are 7·0 and 11·5%. These are again 
lower than for the previous catalyst (10·0 and 18.0%). 
VI constitutes 28·5% of the resin which is higher than 
the previous synthesis (22%). The major difference 
between the samples of the two catalysts at this reaction 
. time is the percentage of double/triple compound. This 
value is' 23% for the bar ium hydroxide catalysed resin as 
apposed to 5% for the sodium hydroxide one. This larger 
amount of higher molecular weight species is reflected in 
the viscosity values, 37 poise and 12 poise respectively. 
After 25 minutes, the phenol content is reduced to 
approximately 11%. II and III amounts are 7·0 and 5·0% 
respectively (l2·8 and 7·9% for the sodium hydroxide 
catalysed resin). IV and V amounts are 6·0 and 10·0%. 
The amount of VI has been reduced to 22% whilst the double 
ring compound content has increased to approximately 30·0%. 
This increase in higher molecular weight species results 
in an increase in viscosity to approximately 60 poise. 
The identification of the '.double ring compounds has 
shown that V and more importantly VI are the compourids 
involved in the condensation reactions. As in the case 
of the sodium hydroxide catalysed resin, the amount of VI 
compound remains low throughout the synthesis (4-8%). It 
appears that this compound only undergoes further reaction 
almost exclusively via addition of formaldehyde to give the 
VI compound since, except for the very minor double ring 
product BA 2.2 which may be formed in a condensation reaction 
involving IV, it has not been detected in any of the double 
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ring compounds isolated. The major double ring products 
BA 2.3, BA 2.4. and BA 2.5. all involve the VI compound. 
This compound is formed in large amounts in the synthesis 
(20-30%) and is the predominant one in the single ring 
compounds. 
Considering the condensation mechanism in respect 
to the statement that, under basic. conditions, para-para' 
condensation is much faster than the ortho-ortho' and ortho-
para' condensations combined the effect of using barium 
hydroxide instead of sodium hydroxide is different in 
respect that though it does result in para-para' methylene 
bridge linkages illustrated by compounds BA 2.1, BA 2.3, 
and BA 2.5. it also promotes the formation of ortho-ortho' 
ether linkages as illustrated by the predominant double 
" 
ring compound BA 2.4. 
4.3. Triethylamine Catalysed Resin 
4.3.·1". Identification of Compounds Present. 
4.3.1.1. Single Ring Compounds 
.'-
Isolation and analysis of the single ring compounds 
present in the triethylamine catalysed resins showed that 
TEA 1.1. to _ TEA 1.6. were the same six compounds as 
occurred in the other two catalysed resins. The data 
obtained from the various analyses showed very good 
agreement with that determined for the 'standard' compounds. 
The isolated compounds, with the appropriate coding are 
listed at the end of the section in Table 20. 
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4 . 3. 1. 2 . TEA 2. 1. 
This isolated compound was only present in very small 
amounts in the resin synthesis and so presented some 
problems in isolation and identification. The infra-red 
spectrum ,is given in Fig. 64. The spectrum is very. similar 
to that of the isolated compound BA 2.2 in the barium hydroxide 
catalysed synthesis. The Rf value (0·76) and G.P.C. peak 
elution volume (62·3 ml.) were the same as for BA 2.2. 
It was not possible to carry out mass spectrometry on 
N.M.R. analysis on this compound because not enough material 
was isolated. The compound is probably the product of the 
condensation of 2,4 dihydroxy-benzyl alcohol and 2,6 
dihydroxybenzyl alcohol via an ortho-ortho' methylene 
bridge linkage i.e. 
H 
H H 
HOH .. C H HO H 
.. "': 
4.3.1.'3. TEA 2.2. 
The infra-red spectrum of this compound is given in 
Fig. 65. The OH stretching band is at 3340cm- l . and the 
Phenolic -OH bending band centred on 1230cm-l . The 
skeletal stretching modes are situated at 1620, 1513, 1485 
and 1450cm- l . The band at 1015cm- l is due to aliphatic 
hydroxyl group i.e. -CH 20H (methylol). 
-1 The band at 830cm 
is due to the out-of-plane -CH deformation vibrations 
involving 1:4 or 1:2:4 substitution. 
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The aromatic protons (equivalent to six protons) 
show a multiplet centred at 6·85ppm (peaks at 6·75, 
6· 95ppm) . There is a resonance signal at 4·71ppm 
(equivalent to two protons) and another signal at 4·51 ppm 
(equivalent to two protons). The methylene protons in 
the methylene bridge linkage (equivalent to tvlO protons) 
give a resonance signal at 3·88ppm. The broad peak at 
2·75 ppm. is due to hydroxyl protons. This peak disappears 
after the D20 exchange procedure. 
The 'chemical structure of the compound is postulated 
as 
HOH ... C H HO H 
HO H 
i.e. the product of the self-condensation of 2,4 dihydroxyl-
benzyl alcohol via a para-ortho' methylene bridge linkage. 
This 'structure has been deduced from the following 
evidence. ":, First, the infra-red spectrum shows a band at 
1" 830cm- (i:2:4 substitution). The N.M.R. spectrum has a 
signal at 4·71ppm which is indicative of methylene protons 
in an ortho methylol group (two protons) and one at 4·51 ppm 
which is due to methylene protons in a para-methylol group. 
(two protons) . The methylene protons in the methylene 
bridge linkage show a peak at 3·88 ppm rather than 3·77 ppm. 
This peak is concluded as due to an ortho-para' linkage as 
the other poss ible ortho-para' methylene bridge, ,linked 
compound, NA 2.3. has the corresponding signal at 3·86 ppm. 
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The Rf value of the compound is 0·72 and its peak elution 
volmne 62· 0 m!. 
4.3.1.4. TEA 2.3. 
The infra-red spectrmn of this isolated compound is 
given in Fig. 66. The position and intensity of the 
bands are very similar to those for NA 2.4. and BA 2.3. 
ie. the product of the condensation of 2,4 dihydroxybenzyl 
alcohol and 2,4,6 trihydroxybenzyl alcohol via a para-para' 
methylene bridge linkage. 
This comparison is further strengthened by both the 
mass spectrometry anaylsis results and the N.M.R. spectrmn. 
The molecular ion was determined at a mle value of 290. 
The fragmentation pattern was very similar to that for 
~... I'~· 
NA 2.4. and BA 2.3. The N.M.R. spectrum is given in Fig. 
66. which . shows resonance _ signals at chemical shifts 
identical to those for NA 2.4. and BA 2.3. The Rf value 
of TEA 2.-:3. is 0·62 and its G.P.C. peak elution volmne 
60·8 m!. 
4.3.1.5. TEA 2.4. 
The infra-red spectrum of this isolated compound is 
given in Fig. 67. ·The OH stretching band is at 3350cm- l • 
and the phenolic -OH bending band centred on 1230cm- l • 
The skeletal stretching modes 
-1 1480 and 1440cm • The band 
are situated at 1613, 1510, 
at 1015cm- l is due to aliphatic 
hydroxyl groups i.e. -CH2 0H (methylol). 
-1 The band at 830cm 
is due to the out-of-plane -CH deformation vibrations 
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involving 1:4 or 1:2:4 substitution and the band at 890cm- l • 
to 1:2:3:5 substitution. Overall, the spectrum has band 
positions which are very close to those of NA 2.4. and BA 2.3. 
but the N.M.R. spectrum shows some important differences 
(Fig. 67). 
The aromatic protons (equivalent to 5 protons) show a 
multiplet centred on 7,00 ppm (peaks at 7·05, 6·95 ppm). 
There is a resonance signal at 4·71 ppm (equivalent to four 
protons) and another signal at 4·51 ppm (equivalent to two 
protons) . The methylene protons in the methylene bridge 
linkage (equivalent to two protons) give a resonance signal 
at 3·88 ppm. The broad peak at 2·80 ppm is due to hydroxyl 
protons (equivalent to five protons) . This peak disappears 
after the D20 exchange procedure. 
;.' . :"/-; 
The chemical structure of the compound.is postulated 
as 
H 
HO H 
H H Cf-kOH 
i.e. the product of the condensation of 2,4,6 trihydroxyl-
benzyl alcohol and 2,4 dihydroxybenzyl alcohol. via a 
para-ortho' methylene bridge. 
This structure has been deduced from the following 
evidence. First, the infra-red spectrum shows two bands 
at 830cm- l (1:2:4 substitution) and 890cm- l (1:2:3:5 
substitution) which are similar to NA 2.4. and BA 2.3. The 
N.M.R. spectrum has a signal at 4·71 ppm which is indicative 
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of methylene protons in ortho methylol groups (four protons) 
but also a peak at 4·51 ppm which is due to methylene protons 
of a para-methylol group. (two protons) • This latter signal 
is absent from the spectra of NA.2.4. and BA 2.3. The 
methylene protons in the methylene bridge linkage show a 
peak at 3·88 ppm rather than 3·77 ppm. This peak is concluded 
as due to an ortho-para' bridge linkage. If it ~las an 
ortho-ortho,' bridge linkage there would be only one ortho 
methylol group and two para-ones. This obviously does not 
fit in with the number of protons determined from the integration 
curves. Rf value of the compound is 0·54 and its peak 
elution volume 60·5 ml. 
4.3.1.6. TEA 2.5. 
The infra-red spectrum of this isolated compound is 
gi ven in Fig. 6-8. The position and intenSity of the 
bands in this spectrum are the same as those corresponding 
to NA 2.5. and BA 2.5. in the sodium and barium hydroxide 
catalysed ,resin syntheses. Le. the product from the self 
condensati';n of 2,4,6 trihydroxybenzyl alcohol via a para-
para' methylene bridge linkage. Mass spectrometry anaylsis 
did not provide any useful information as to the fragmentation 
pattern of this compound. The N.M.R. spectrum (Fig. 68) 
was very similar in peak position and intensity to that of 
NA. 2.5. and BA 2.5. The Rf value and peak G.P.C. elution 
volume is also the same as for NA 2.5. and BA 2.5. (0·41 and 
58·8 ml. respectively). 
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4.3.1.7. TEA 2.6. 
The infra-red spectrum of TEA 2.6. is given in Fig. 69. 
The position and intensity of the bands are very similar 
to those corresponding to TEA 2.5. The OH stretching 
-1 frequency band is at 3350cm and the phenolic -OH bending 
band at 1215cm- l . The skeletal stretching modes of the 
semi-unsaturated carbon-carbon bonds are situated at 1620cm--l 
-1 
and 1480cm . 
. -1 
The band at 1020cm is due .to aliphatic 
hydroxyl groups i.e. -CH20H. 
. -1 
The band at 885cm is due 
to theo·ut-of-plane -CH deformation vibrations involving 
1:2:3:5 substitution. 
Mass spectrometry analysis of this compound gave a 
similar behaviour to TEA 2.5. in respect that no reproducible 
fragmentation pattern could be obtained. The N.M.R. spectrum 
is given in Fig. 69. There is a multiplet centred at a 
chemical shift of 7·00 ppm (peaks at 7·02 ppm and 6·96 ppm) 
equivalent to four protons. There is a signal at 4·72ppm 
equivalent to six protons and another at 4·46ppm equivalent 
to four protons. The peak at 3·88 ppm is equivalent to two 
protons. 
From the above analysis data the chemical structure of 
the compound is postulated as 
H 
H 1i0 
i.e. the product of the self-condensation of 2,4,6 tri-
-111-
hydroxylbenzyl alcohol via an ortho-para' methylene bridge 
linkage. 
This conclusion was drawn from the following evidence. 
First, the Rf value of the compound was 0·32, i.e. below 
that of TEA 2.5. and so suggested a structure containing 
four methylol groups. This was re-in forced by the 
similarity of the two infra-red spectra for TEA 2.5. and 
TEA 2.6. In the N.M.R. spectrum the multiplet at 7·00 ppm 
is due to four aromatic protons which, unlike TEA 2.5., 
are in different electronic environments. The peak at 
4·72 ppm is due to the six methylene protons of the three 
ortho-methylol groups and that at 4·46 ppm to the two 
methylene protons of the para-methylene group. The signal 
at 3·88 ppm is due to the methylene protons in an ortho-
... " '~'.: .'~ 
para' bridge linkage. An ortho-ortho' linkage is ruled 
out by the fact that this would result in a structure 
containing two ortho and two para-methylol groups. The 
broad signal at 2·75 ppm is due to the hydroxyl protons 
(equivalent to six protons) which is removed in the D20 
exchange procedure. There is a resonance signal at 4,83 ppm 
(equivalent to two protons) which may be due to the presence 
of ortho hemi-formal groups (-CH2 ·OCH2 ·OH) in the structure 
in replacement of an ortho methylol group. 
4.3.1.8 Summary of Isolated Compounds 
Using the separation techniques of preparative G.P.C . 
. and T.L.C. it has been possible to isolate and identify a 
number of compounds present in a tri-ethylamine catalysed 
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resin. As a reference in considering the preferred 
reaction pathway of this catalysed'system the identity 
of the isolated compounds-is given below in tabulated 
form (Table 20). 
TABLE 20 
Ref. No. Name 
TEA 1. 1. (I) Phenol 
TEA 1. 2. (Il) 2-Hydroxybenzyl alcohol 
,." . ~'!I'" 
TEA 1.3. (Ill) 4-Hydroxybenzyl alcohol 
TEA 1. 4. (IV) 2,6 Dihydroxybenzyl alcohol 
TEA .1.5. (V) 2,4 Dihydroxybenzyl alcohol 
--113-
Formula 
cS 
OH 
HOH .. C~ 
V 
H 
H 
HOH .. C 
Table 20 continued ••• 
Ref. No. Name Formula 
TEA 1. 6. (VI) 2,4,6 Trihydroxybenzyl alcohol 
HOH"C C~OH 
CH.aOH 
TEA 2. 1. ( XXI) 
TEA 2.4.' (XXIV) ~~ HO H HO f_' CH.. H 
HOH ... C H 
HOf!.C H 101 
TEA 2.5. (XX) 
CH~ OH 
TEA 2. 6. (XXV) 
H 
H -QCH.eOH 
CH f '\ H' 
~ 
~~ 
H HO CH ... OH 
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4.3.2 .. Preferred Reaction Pathway for the Triethylamine 
Catalysed Resin . 
The preferred reaction pathways for the triethylamine 
catalysed resins can be considered by reference to the 
reaction scheme shown below which lists the possible pathways 
in the light of the observations discussed in 4.3.1. 
OH 01-1 
I-I0l-\..c ~ 
OH I OH 
~ 
CI-I .. OH 
H ~ H I I ,., . -::'~ III ~ 
CH~ t t yH CHot 
"Q;" OH· 1-1 
H0H;,.C # H 
"'0'"°" ~ 't OH I~ H XVIII XX III 
C'"k0H 
H 
OH 
1-1 
(TEA 2.3) IV~ (TEA 2.2) Cf!.0H 
HO 
H 
XXV 
(TEA2.6) 
+V V 
OH 
~ CH .. OI-I 
VC;~OH HO ~ j CH .. 
1+ VI HOH .. c H 
t XX I V 
:~~ ~"~- OH 
HO~C H CH"OH 
XX 
(TEA2.S) 
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(TEA 2.4) 
1-1 
H 
TEA 2.1. has not been considered in this scheme 
because first, its .structure is still not completely 
certain and secondly, it constitutes only a minor component 
in the total resin (~3%). 
Considering the G.P.C. chromatograms (Fig. 60) 
and the corresponding quantitative data on the amounts of 
si~gle ring compounds present (Fig. 63) and Table 16, it 
can be seen that at 'zero time', the free phenol content 
is approximately 22·.0%. Values of 11 and III are 22·2 
and 17·2% respectively (Le; ratio 1·3/1). The reactivity 
ratio is lower than for both the sodium and barium 
hydroxide catalysed synthesis. The amounts of IV and V 
are 7·0 and 17·1% (L e. approximate .. ratio 1/2·44). The. 
reactiv~ty ratio is much higher than for the two previous 
syntheses. VI constitutes approximately 11·5% of the resin 
whilst the amount of double rings is less than 5%. 
After 15 minutes the phenol content is reduced to 
approximately 11%. Le. there ·is a very rapid d .. e·crease 
to half the amount at 'zero time'. Since no dihydroxy-
diphenyl methanes were detected from T.L.C. etc. the phenol 
would be ccrisumed in reaction with formaldehyde to give more 
11 and III compounds. These in turn must react with further 
formaldehyde to give IV and V since there.is no evidence for 
self-condensation of the 11 ori III material or their reaction 
with IV and V. 
Assuming a reactivity ratio of 1/1·3, the 11% phenol 
decrease would result in the 11 and III content being 27·0 
and 22·0% respectively if no further reaction occurred. In 
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fact the respective values are 17'5 and 13'4% i.e. decreases 
of 9'5 and 8'6%, which, in terms of the theoretical values, 
give a percentage of 35% and 39% for the two compounds 11 
and Ill. This suggests that these compounds are of equal 
reactivity in this catalysed system with respect to further 
addi tion of formaldehyde.··· The IV compound. concentration 
has remained almost constant from zero to 15 minutes. This 
indicates that the 11 compound has either been totally 
converted to the V compound or, if converted to the IV 
compound has reacted immediately to form compound VI. The 
amount of the V compound has increased by 4·0%.over the 
fifteen minute period. If both the 11 and III compounds 
were converted to the V:. compound this would result in. an 
increase to a figure of 18'0% of the total resin for that 
.. ~ 
compound. This means that the other 4% of V is used in 
reaction with formaldhyde to give. the VI compound and subsequent 
reaction to give. double ring compounds etc. or to react with 
VII itself to give double ring compounds etc. 
After 25 minutes .the reaction system inmuch.more stable. 
The free ph·enol. content has only decreased by 1- 3% and this 
appears to be consumed in the addition reaction to form more 
11 compound ... The amounts of III and. IV compound have 
remained constant. The amount of the compound V is reaching 
its peak and that of VI has increased by 2-0%. The amounts 
of double and triple ringed compounds have reached approximately 
13% . 
The identification of the double ring compounds has 
shown that both V and VI compounds are very important in the 
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condensation reactions. As for both the previous catalysts 
the amount of IV remains low throughout the synthesis (4-7%). 
Two of the major products (TEA 2.6. and TEA 2.5.J involve 
condensation of the VI compound via. ortho-para' and para-pa'ra' 
methylene bridge linkages. The other three products 
~EA 2.2, TEA 2.4. and TEA. 2.3.) involve condensation of 
VI with IV via ortho-para' and para-para' methylene bridged 
linkages. There is no evidence of double ring compounds 
. containing ether linkages such as was found in' the barium 
'hydroxide catalysed resin. (BA 2.4.). 
4.4. Comparison of the Three Catalysed Resins. 
From the analytical G.P.C. chromatograms (Fig. 31, 50 
and 60), it can be seen that the molecular size distribution 
of chemical species is very similar for the resins synthesized 
using sodium hydroxide and. triethylamine. The molecular 
size distribution of the barium hydroxide catalysed resin 
reflects a more highly condensed resin than the other two 
. systems. This fact is supported by the values for the 
amounts of 11 and III present in the resins. The figures 
are much higher for the two former catalysed resins e.g. 
at zero time 31% and 39% respectively than for the latter 
one e.g. 19% at zero time. 
At. the pOint of transfer of the reaction vessel into 
the second water-bath at 80 D C; the free phenol content of 
the three resins is similar (17-22%J. However, though 
the amount of the 11 compound is high in the sodium hydroxide 
and triethylamine catalysed resins (approximately 23%), it 
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is much lower in the case of the barium hydroxide catalysed 
one (12%). The reactivity ratio (11/111) was found to be 
very similar for the sodium and barium hydroxide catalysed 
resins i.e. 1'88/1 and 1'76/1 respectively but lower for 
the triethylamine catalysed resin i.e. 1·29/1. This 
situation results in the .amount of the III compound 
constituting 7% of the total resin for the. barium hydroxide 
catalysed system, 12% of the sodium catalysed resin and 17% 
of the triethylamine one. The amount of the IV compound 
is approximately 8% in each case and remains low throughout 
the syntheses (approximately 3-4% after 75 minutes). The 
amount of the V compound in the resins is in the range 14-17% 
such that the ratio V:VI is 1'78/1 for both the sodium and 
barium hydroxide catalysed resins and 2'44/1 for the tri-
ethylamine catalysed one. Triethylamine is also different 
in tha·t the V compoUIld content increases· to a maximum at 
, 
35 minutes (21%) before decreasing again to appr,!ximately 
16%. This b~haviour results in the ratio V:VI having a 
value of 3'6/1 at that po~nt in the reaction. The amount 
of the VI compound is high in the case of the barium 
hydroxide. (30'0%) and sodium hydroxide (23·0%) catalysed 
resins but lower in the case of the triethylamine catalysed 
one (11' 5 %) • In the latter resin it rises to a maximum 
of 17·0% after about 35 minutes before decreasing to its 
original value after about 65 minutes. 
In considering the double ring compounds isolated 
from the resin syntheses, it can be stated that no di-
hydroxdiphenylmethanes or dinuclear compounds containing 
one free methylol group were detected in any of the catalysed 
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resins. The sodium hydroxide catalysed resin contained 
compounds which were condensation products involving almost 
excl usively para-para' methylene bridge linkage·s. There 
was no evidence for orth-ortho' methylene bridge linkages 
or any ether linked compounds. The presence of hemi-formal 
groupings was not detected by N.M.R. in any of these compounds. 
The major product in the barium hydroxide catalysed resin 
was identified as the ortho-ortho' ether linked product of 
the self condensation of the VI compound. The other 
detected products contained para-para' methylene bridge 
linkages associated with phenolic nucleii having three or 
four free methylol groups. No hemi-formal groupings were 
detected by N.~1.R. The tri-ethylamine catalysed resin 
contained .the ortho-para' methylene bridged product of 
the self condensation of the VI. compound as the major 
component.· The. other two important compounds contained 
para-para' methylene bridge linkages involving V and VI 
compounds.· The existence of some hemi-formal nature was 
detected in TEA 2.6. by N.M.R. 
Having listed the compounds formed in the various :resins 
the question arises as to why the different catalysts give 
rise to different condensation products in the synthesized 
resins. The answer to this question is speculative because 
very little previous investigation has been carried out into 
determining the catalyst mechanisms in phenol-formaldehyde 
resin chemistry. However, though the papers published in 
the literature have been confined to studying the mechanisms 
in novolak resins it is possible to consider the case of 
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resole resins in the light of the information obtained 
using the acid catalysts. 
In the initial reactions involving addition of 
formaldehyde to phenol, sodium and barium hydroxide appear 
to be similar in their ability to direct attack at the 
ortho or para positions 
and Lewis 32 studied the 
hydroxide as catalyst. 
on the aromatic ring. Freeman 
addition reactions using sodium 
They concluded that the reactivitiy 
ratio of 11 (ortho)/III (para) was 1·7/1. In this work 
the ratio has been determined as. 1· 88/1. for the sodium 
hydroxide catalysed resin and 1·76 for the barium hydroxide 
catalysed one. Similarly the reactivity ratio .V/IV is 
1·78/1 for both catalysed resins. Thus it can be postulated 
that there appears to be no difference in the influence, 
if any, of the metal cations in determining the position of 
addition of formaldehyde to the phenolic ring. On the 
other hand, the triethylamine catalysed resin has a reactivity 
ratio 11 (ortho)/III (para) of 1.29/1. This indicates that 
formaldehyde addition at the ortho position of phenol is less 
favoured in this resin than in the alkali hydroxide catalysed 
ones. As a result of this reduced ratio value in favour 
of the para compound (Ill) the reactivity ratio V/IV is 
higher (2· 44/1) . This increased value may be due to either 
simply the fact that there is an increased amount of the 
compound III present in the resin or that, in the case of 
the 11 compound, the addition of formaldehyde into the 
second ortho position in the phenolic ring is less favoured 
than in the two previous catalysed resins. This latter effect 
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may be caused by first steric hindrance as a result of 
the amine being involved in a reaction intermediate blocking 
the second ortho position. Secondly, a modification of 
the intra-molecular hydrogen bonding effect between the 
ortho methylol and phenolic hydroxyl groups may result 
in para addition being more favoured. 
In considering the condensation reactions, it can be 
seen that sodium hydroxide and barium hydroxide are different 
in respect' to some of the products which are formed. 
44 \voodbrey et al. found that for base catalysed resins, 
condensation to form para-para' methylene bridge linked 
compounds was faster than the corresponding reactions leading 
to ortho-ortho' and ortho-para' methylene bridged compounds. 
e For the sodium hydroxide catalysed resin these statments 
" 
are applicable since the condensation products have almost 
exclusively para-para 'methylene bridged linkages. The one 
exception (NA 2.3.) involves an ortho-para' methylene bridge 
linkage. 
An example of the condensation mechanism is 
CH,.OH C H.t,O H 
No + 
HO CH .. OH + 0 ~ 
CH .. OH CH ... OH 
(39) 
CH ... OH CH .. OH 
e 
HO OH + HO-CH-O ,. 
CH .. OH CH .. OH 
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On the other hand, barium hydroxide has the additional 
major product of an ortho-ortho' ether linked compound 
which, from the literature, would not be expected to be 
formed to any great extent. This difference in product 
formation is almost certainly due to a difference in the 
catalyst mechanism involved in the condensation reaction. 
As stated previously no studies have been carried 
out into the influence of the metal cation on the 
products formed in resole resins but Fraser et al86 ,87 
have monitored this effect in 'high ortho' novolak resins. 
The results of their work highlight several interesting 
points. First, it was demonstrated that for a given 
set of reaction conditions (pH, PIF ratio etc.) the 
orientation of the structures formed was independent of 
~~, '.;;." ~-
the nature of any anions present. Thus zinc oxide, 
hydroxide, acetate, formate, and benzoate gave novolak 
structures of almost the same reactivity i.e. as monitored 
by % ortho addition. It was concluded that the active 
catalytic:agent was the metallic cation. Secondly, 
" 
it was' shown ,that only the electro-positive bi-valent 
metals are effective in directing the formaldehyde addition 
. into the ortho position. No directing effect was observed 
for any mono-valent or trivalent ions. Similarly, in the 
con dens a tion + 2+ reaction, if both Na and Zn were present 
+ at pH 5.5 the Na appeared to have no influence on the 
reaction and a 'high-ortho' resin characteristic of zn2+ 
catalysis was found. This result suggested that the 
f f h 2+. th t orientation ef ect 0 t e Zn lons occurred.in ba sages 
_i>-~ (..........-1IIIII8III-.. ___ _ 
of the reaction. In their second paper, Fraser et a187 
stated that the presence of bis (2-hydroxybenzyl) ether vias 
2+ detected in the Zn catalysed reaction in concentration 
up to about 10% and that zn2+ ions favoured 
(40) 
ortho-ortho' links between the phenolic nucleii. It was 
also demonstrated in a I'l+ catalysed process that, after 
the initial formation of the ortho-methylol phenols, the 
reaction may go by two main routes; namely the conventional 
condensation with other phenOlic nucleii or via the bis 
(2-hydroxybenzyl) ether. 
ConSidering the present work in the light of these 
observations, it has been shown that under alkaline 
conditions barium hydroxide does not give rise to a higher 
proportion of the ortho 11 compound in the initial addition 
reaction as compared with sodium hydroxide. However, it 
does ·lead to the formation of an ortho-ortho' ether 
linked compound (BA 2.4) in the condensation reaction as 
well as the para-para' methylene bridge linked compounds. 
An explanation of this behaviour may be that, since the 
reaction rate increases with pH, it is probable that at 
pH values of >8·5 that orientating effect of the bivalent 
metal is swamped in the initial addition reaction by the 
conventional base-catalysed reaction. Also I since the 
orientation effect. is dependent on the concentrartion of 
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metal ions in solution and barium hydroxide is only· 
sparingly soluble in the resin at the start of the reaction 
thus the influence of this effect would be lessened. 
In the condensation reaction, the type of 
mechanism which seems the most probable is one which 
involves the formation of a chelate ring, similar to 
that suggested by Caesar and Sachanen 88 • The chelating 
mechanism may involve the primary formation of a metal/ 
formaldehyde complex or a metal phenate, as suggested by 
Fraser et al. 37 
~C=o H"G HC- O\ W .... 
< }-O/H z+ ,., ( ) o/MA + He + M ... 
.~. ''';;' .. n M%.+ QO" (41 ) OH 
+ 
·6 ~o, @ " CH .:' \~1 6-:H + H H;r.0 f_' ..... (/X 0(; 
The" catalyst mechanism involved in the condensation 
reactions using triethylamine ( (C2HS)3N ) appears to be 
less specific than the other two because compounds involving 
para-para', ortho-para' and ortho-ortho' methylene bridge 
linkages have been detected in the resin. The catalytic 
effect of ammonia and amines on the formation of condensation 
products is poorly understood. Previous work carried out 
using ammonia as catalyst has shown the existence of bis 
and tris (hydroxybenzyl) amines. e.g. 
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COMPARISON OF THE 45MIN. SAMPLES FROM THE THREE CATALYSED RESINS 
-
COMPOUND BARIUM HYDROXIDE SODlml HYDROXIDE TRIETHYLAllINE CATALYSED RESIN CATALYSED RESIN CATALYSED RESIN 
(% Total of Resin) (% Total of Resin) (% Total of Resin) 
I 9.3 7.5 8.4 
Il 6.4 9.3 12.7 
III 4.8 -5.5 10.8 
IV 5.5 5. 1 5.3 , 
V 9. 3 11. 3 21.0 
VI 18.4 13.6 16.2 
~,t 
Dinuclear Compounds 35.2 '. 22.3 15.4 
Trinuclear Compounds 
& Higher Molecular 11.1 25.4 10.2 Weight Compounds I 
(By difference) 
Viscosity at 23°C 140 39 95 (Poise) 
Wt.Aver.Mol.Wt. (Mw) 371 385 334 
No.Aver.Mol.Wt.(Mn) 310 323 295 
I I I 
H 
I OH CH-N-CH~-
'" ~ ~ 
- I 
- ~ 
(42) 
These amine linkag:s are unstable at high temperatures e.g. 160°C 
and may be converted to other linkages e.g. azomethine 
- 89 (-CH=N-CH2-r on further heating. If an excess of phenolic 
compoUnds is present, nitrogen free products with the 
phenolic nuclei. - 90 jOined by methylene bridges will be formed. 
In the present work this latter situation is the case since 
no nitrogen linked compounds were detected. 
The chemical nature of the products formed in the 
resins is also very important when considering the viscosity 
and viscosity/molecular weight reationship. In general, 
the viscosity of a liquid will depend on molecular shape 
,,~. !-;',',', 
and size, and on the strength of the forces between the 
molecules .- In a resin these reationships will still be 
applicable though the situation-is much more complicated 
because of the variety of different molecules present. 
From Fig. -33, it can be seen that the order of viscosity 
increase with respect to reaction time is in the order 
sodium hydroxide, triethylamine, barium hydroxide. At 
70 minutes the difference between the three catalysed 
resins is very marked since the respective values are 60, 
135 and 320 poise. From Figs. 70 and 71, it can be seen 
that the relationship between log viscosity and log molecular e _ e -
weight is similar for the barium hydroxide and triethylamine 
catalysed resins but different to that of the sodium hydroxide 
one. The gradients of the lines are 7·1, 6·0 and 4·6 
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respectively with regard to wt. average mol. wt. and 
9·1, 8·7 and 6·4 with regard to number average mol. wt. 
Fig 72 and Table 21. show the G.P.C. chromatogram 
and chemical/physical properties of the 45 minutes samples 
for the three catalysts. From table 21 several observations 
can be made. First, though the percentage of single ring 
compounds in the sodium and barium hydroxide catalysed 
resins is almost the same (53%), the viscosity values are 
38 and 140 poise respectively. This difference in 
viscosity value is very large especially considering that 
the sodium hydroxide catalysed resin is estimated to have 
a higher percentage of trinuclear" and higher molecular 
weight compounds,25% as opposed to 8·0% and a similar weight 
average molecular weight (370-380) to that of the barium 
hydroxide catalysed resin. -Ti'l"is differ;:;nce in viscosity 
thus cannot be explained in terms of molecular size since 
it would be expected that the sodium hydroxide catalysed 
resin would have the greater viscosity. Similarly, the 
variations in molecular shape of the compounds are not 
sufficient'"to account for the large differences in the 
viscosity values. It is a general rule that liquids of 
more symmetrical molecules have lower densities and 
viscosities. This is exemplified by the aliphatic ketones 
and aldehydes. 91 There is a steady rise in viscosity on 
passing successively from di-ethyl ketone through methyl 
propyl ketone to the still less symmetrical isovaleric 
aldehyde. 
(43) 
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The third factor which contributes to viscosity and which 
as yet has not been considered is that of the forces which 
exist between and within molecules. One of these forces 
is that of hydrogen bonding. In phenolic liquids hydrogen 
bonds of the type -O-H······O- may occur both inter-
molecularly and intramolecularly. It is this difference 
in Ue type of bonding which can be used to explain the 
. variation in viscosity values of the synthesized resins: 
Though no previous work has been undertaken on determining 
viscosities of the separate methylolated phenols, conclusions 
can be drawn from data obtained for similar compounds. 
92 93 . Friend and Hargreaves ' carrLed out a very 
comprehensive study of the effect of hydrogen bonding 
on the viscosity of a number of related compounds. They 
showed that the introduction of a hydroxyl group into 
benzene (phenol), toluene (cresol) and cyclohexane 
(c¥clohexanol) respectively caused a large increase in 
viscosi ty.· (see below) 
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They found that ring compounds with substituents in the 
ortho position usually differ in their properties from the 
meta and para-isomers. Viscosi ty measurements indicated 
at least two important types of ortho effect, namely 
to. ose due to symmetry and to intramolecular hydrogen 
bonding. 
It has already been mentioned that among isomeric 
monomeric substances those possessing the greater 
symmetry have the lower viscosities. It is therefore 
to be expected that ortho derivatives will be more viscous 
than the meta and para isomers I other things being equal, 
as the latter possess more symmetrical molecules. This 
is shown in the graph below. 
/D 
, 
• 
s 
J 
.eo 40 '0 to 100 UD '4.0 I6D 110 ~DO 
n",,.I'<If"Ie (oc) 
In phenols intramolecular hydrogen bonding can occur 
between the hydroxy~ groups and an ortho substituent which 
contains an electron attractive atom such as oxygen in 
the groups -N0 2 or -CHO. Sidgwick and Callow
94 
explained 
this on the assumption that a ring is formed between the 
donor atom and the phenolic hydrogen atom. In these 
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'internally associated' compounds the hydroxyl bonding 
properties are almost completely suppressed, so that 
less external association occurs. The meta and para 
isomers cannot behave in the same·way because aromatics 
seem unable to yield meta and para rings. Thus, it 
.,ould be expected that the viscosities of such internally 
associated ortho derivatives would be reduced by both 
i) increased symmetry caused by bridge-ring formation 
and ii) reduced external association. If these factors 
are sufficiently powerful, the viscosity of the ortho 
derivative may become equal to or even less than that of 
the meta and para isomers. It has been shown that for 
several types of compounds, including phenols (see Table 
22), the ortho derivative is much less viscous than the 
meta and para derivatives. 
Taking hydroxybenzaldehyde as an example, the ortho::-
hydroxy isomer exhibits intramolecular hydrogen bonding 
CCO ....... t:l ~ I ~b ~ CH, in the form 
The p-hydroxy isomer exhibits intermolecular hydrogen 
/ bonding. e.g. C 
/ .p- '-
o 0 , ... 0 '-H H'cYSH/ HO -Wo 
~O ~q 
, 
'H \ \\. H, 0~6 0° 
0_ H "" ... oo?' C"'-H 
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Nitrophenol, ortho 
para 
o-hydroxybenzaldehyde 
p-hydroxybenzaldehyde 
o-dimethoxybenzene 
m-dimethoxybenzene 
p-dimethoxybenzene 
0-me tho xypheno 1 
m-methoxyphenol 
p-methoxyphenol 
TABLE 22 
10\ 
6.23 
20.80 
4.91 
30.8 
4.56 
4.16 
4.12 
5.22 
9.42 
'.~ ''':::. 
9.79 
O-dihydr0'xybenzene (catechol) 
m-dihydroxybenzene (resorcinol) 
13.1 
30.8 
Z40~--'~O---8~O---'~OO---'~~--~'~4~O~'~'O~-'~!O---~~.O--~~70~~~O~~~6~O~~YO 
r;mtero.b.~ • c 
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IT-cresol 5·07 
m-cresol· 5.80 
p-cresol 6.15 
Considering the sodium hydroxide catalysed resin, 
it has already been shown that the double ring compounds 
present are the product of para-para' methylene bridge 
condensations. This means that there is only a small 
amount of para-methylol groups present in the single ring 
compounds which can exhibit inter-molecular hydrogen 
bonding. Intramolecular hydrogen bonding is the dominant 
factor in the compounds, i.e. between the ortho-methylol 
and phenolic hydroxyl groups. H 
~;~?:H ~ H . .. 
Evidence for this bonding is shown in the N.M.R. spectra 
of the isolated compounds e.g. NA 1.6. If both the 
... ~ ,;:;-. '-
methylene protons in both the ortho and para methylol 
groups (-CH20H) were in equivalent electronic environments, 
then only a single resonance peak would be obs.erved. 
Instead a signal is observed at 4'SOppm corresponding 
to the methylene protons in para methylol groups and a 
second signal at a lower field resonance position (4' 7Sppm) . 
corresponding to the methylene protons in the ortho-methylol 
groups. 
Obviously the formation of the intra-molecular hydrogen 
bond between the hydroxyl group and ortho methylol group 
results. in a decrease in dimagnetic shielding of the 
corresponding methylene protons. 
Overall it can be concluded that species in the 
sodium hydroxide catalysed resin predominantly exist as 
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discrete molecules which exhibit intra-molecular hydrogen 
bonding between the hydroxyl and ortho-methylol groups. 
The contribution of these molecules to the viscosity of the 
total resin is not as high as that for similar molecules 
which have para-methylol groups. 
In contrast, one of the major products in the barium 
hydroxide catalysed resin is the ortho-ortho' ether linked 
condensation product of the VI compound. The contribution 
of this compound to the viscosity of the resin will be 
large since its molecular size is increased by the presence 
of the ether linkage but more importantly it has four free 
. methylol groups, two of which are para to the phenolic 
hydroxyl groups. These latter groups are capable of inter-
molecular hydrogen bonding with adjacent hydroxyl groups 
.. ~ :~,~--, -~ 
from other molecules to give a 'network' of compounds. 
This situation is reflected in·the higher overall viscosity 
figure compared with that for the sodium hydroxide catalysed 
resin. 
Comparing the 45 minute sample of the triethylamine 
catalysed resin with the sodium hydroxide one, it ca·n be 
seen that, though the former has a higher percentage of 
.single ring compounds (75% as 9Pposed to 53%) and lower 
• 
amounts of two and three ringed compounds, its viscosity 
is higher than in the latter case. The explanation .for 
this behaviour is again postulated to be linked with the 
extent of hydrQgen bonding in the resin. One of the major 
components of the resin is the ortho-para' linked condensation 
product of the VI compound possibly involving ortho hemi-
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formal groups.-· This has three ortho methylol groups 
and one para-methylol group. The ortho-methylol groups 
can participate in intra-molecular hydrogen bonding whilst 
the para-group is capable of inter-molecular hydrogen 
bonding. The increased contribution of this compound 
to the overall viscosity value because of the inter-molecular 
H bonding together with that from the other ortho-para' 
linked and highly methylolated compounds results in the 
value being higher than for the sodium hydroxide catalysed 
resin. It is further postulated that it is lower than 
that of the barium hydrwxide catalysed resins because of the 
lower percentage of two ringed compounds and entities of 
higher mol. wt. present in the resin. 
Fig. 70 and 71 show the relationship between loge 
~" .. ',' .:. 
viscosity and loge molecular weight for the three catalysed 
resins. Over the range considered there is a linear 
reationship for both number average and weight average 
molecular weights. It is interesting to note that for 
the barium hydrwxide and triethylamine catalysed resins 
the plots are very close together but displaced from that 
for the sodium hydroxide catalysed resin. The explanation 
for this behaviour is linked with the extent of inter-
molecular hydrogen bonding in the former resins. Viscosity 
·measurements are carried out on the un· diluted resin 
samples whilst the molecular weight values are calculated 
from the"G.P.C. chromatograms of the resin in very dilute 
solution. Thus thes'e calculated mol. wt. values are lower 
., 
than the effective molecular weights in the resin because of 
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the 'associations' set up through inter-molecular hydrogen 
bonding. If these 'associations' were taken into account 
the plots would be shifted to the right and closer to that 
corresponding to the sodium hydroxide catalysed resin. 
The viscosity of the resin samples was monitored over 
an extended period of time by measuring this bulk property 
at fixed intervals over a period of fourteen days. The 
relevant graphs are given in Fig 34, 51 and 61. From 
Fig. 34 it can be seen that for each sample of the sodium 
hydroxide cat.al!.ysed resin, viscosity increases linearly 
with time and that the higher the initial viscosity the 
steeper the gradient of the line. This latter behaviour 
can be explained in terms of the additional contribution 
to the viscosity by the higher molecular weight entities. 
e.g. the viscosity increase on the combination of two tri-
nuclear cOI~ounds will be much larger than a similar 
combination of di-nuclear compounds. For particular resin 
samples e.g. 45 minutes the viscosity increase with time is 
I 
in the order sodium hydroxide, triethylamine, barium 
hydroxide. It is likely that inter-molecular hydrogen 
bonding is very important in the latter two catalysed resins 
to cause this effect. 
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CHAPTER V 
5.1. Conclusions 
This work has successfully attempted to clarify 
reaction pathways in phenolic resole resins catalysed 
by three different bases, and to account for the viscosity 
behaviour of these resins in terms of the structural 
information generated. Resole resins have been prepared 
using paraform (97%) and phenol (100%) in a;two bath 
synthesis, i.e. the reaction vessel was held at 45°C 
for four hours after catalyst addition before transference 
to a second bath held at 80°C. The phenol/formaldehyde 
ratio was set at 1/1'75\ Three bases i) sodium hydroxide, 
ii) barium hydroxide and iii) triethylamine were used in 
these syntheses in order to monitor the effect which the 
catalyst had on the resultant molecular weight distribution 
(M.W.D.) of the resin and its associated ,physical properties. 
By extensive use of analytical techniques, including 
preparative G.P.C., to isolate, identify and quantify 
products from the synthesized resins the following conclusions 
can ,;be drawn as to the reaction pathways in each system. 
i) The sodium hydroxide catalysed resin contained 
phenol, 2_(11) and 4_(111) hydroxybenzyl alcohol, 2,6_(IV) 
and 2,4-(V)dihydroxybenzyl alcohol and 2,4,6-(VI) tri-
hydroxybenzyl alcohol. The reactivity ratio 11/111 was 
determined as 1·88/1 and the reactivity ratio V/VI as 1'78/1. 
at the transference point to the second bath. In the 
condensation reaction the preferred reaction pathways gave 
rise to para~para' methylene bridge linked compounds containing 
two, three or four methylol (-CH20H) groups. No dihydroxy-
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diphenylmethanes or dinuclear compounds containing one free 
methylol group were detected in the resin. Similarly, there 
\"Ias no evidence for ortho-ortho' methylene bridged linkages 
or any ether linked compounds. The presence of hemi-
formal groupings in any of these compounds was not detected 
by N.M.R. 
ii) The barium hydroxide catalysed resin contained 
free phenol and the same five mono,di- and tri-hydroxy-
benzyl alcohols as in the sodium hydroxide catalysed one. 
The reactivity ratios II/III and V/VI were calculated 
as l·S/l. i.e. the same ,as for the sodium hydroxide 
catalysed resin. In the condensation reactions the major 
product was determined as an ortho-ortho' ether· bridge 
linked compound containing four free methylol groups. Para-
para' methylene bridge linked compounds containing three 
and four methylol groups were also isolated. No dihydroxy-
diphenyl methanes or dinuclear compounds containing one 
methylol group were detected. It is postulated that the 
parium metal ion Ba2+ is involved in a chelating mechanism 
in the condensation reactions which has an 'ortho' directing 
effect leading to the formation of the ortho-ortho' ether 
linked compound. This effect. is confined to bivalent 
electropositive metal ions. 
iii) The triethylamine catalysed resin contained free 
phenol and the same ':five methylol phenols as were isolated 
from the other two catalysed resins. The reactivity ratio .. 
II/III was calculated as 1·29/1 and that of V/VI as 2·44/1. 
In the condensation reactions the major product was found to 
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be an ortho-para' methylene bridge linked compound containing 
four methylol groups. The presence of hemi-formal 
groupings in this i.compound was detected by N. M. R. The 
other isolated compounds contained either ortho-ortho', 
ortho-para' or para-para' methylene bridge linkages.·.with 
two, three or four methylol groups. No dihydroxydiphenyl-
methanes or dinuclear compounds containing one methylol 
group were detected. There was no evidence for any ether 
linked compounds. .It is postulated that the catalyst 
mechanism is less specific than for the other two catalysed 
systems but no full explanation for this behaviour can be 
presented at this stage. 
iv) Viscosity measurements carried out on samples 
taken from the reaction vessel during the syntheses indicated 
.~,"_ i .... :· • 
an increasing order of viscosity of sodium hydroxide, 
triethylamine, barium hydroxide. This behaviour was 
explained in terms of hydrogen bonding. It was concluded 
that intramolecularchydrogen bonding occurred between phenolic 
hydroxyl groups and adjacent ortho methylol groups. For 
the sodium hydroxide catalysed resin this is the predominant 
type of hydrogen bonding since there are only a limited number 
of free para methylol groups. In the other two catalysed resins 
intermolecular hydrogen bonding can occur between para-
methylol groups on one molecule and a hydroxyl group on an-
other. This results in a higher viscosity value for the 
tri-ethylamine and barium hydroxide catalysed resins. 
v) In considering recommendations for further work 
the logical progression is· into a much more detailed 
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investigation into the catalyst mechanisms involved in 
resin synthesis. The problems involved in this ,study 
would be immense because the systems are so complicated 
but any information on the course of the reactions would 
be of benefit in a commercial context when preparing 
for example a resin tailor-made for particular applications. 
Advantage could be taken of separation techniques such as 
hi'gh pressure gel permeation chromatography (H.P.G.P.C.) 
and high performance liquid chromatography (H.P.L.C.) 
which have been developed to a commercial standard in the 
last few years. These ,offer an 'increasingly higher level 
of resolution and shorter separation times (thirty 
minutes instead of three hours for a run) than the 
conventional G.P.C. System. 
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